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ABSTRACT

Optimization of an Integrative Suspension Cell Culture/Quantitative PCR
Technique for the Detection of Enteroviruses in Surface Water
By
Stephanie N. Tornberg
University of New Hampshire, December 2014

Enteroviruses are pathogens which exist in water sources, and are passed
via the fecal-oral pathway. These viruses are of public health concern due to the
high occurrence globally of human infections and potential for serious illness or
death. Current methods employed by the EPA for the detection of enteroviruses
involve using both cell culture and quantitative PCR (qPCR). Laboratories
working with samples independent of the EPA often use a detection method that
integrates cell culture and qPCR (ICC/qPCR). Substituting suspension cultures
for traditional monolayers has been proposed as a less expensive alternative
method with higher sensitivity than traditional monolayers while using ICC/qPCR.
Therefore, the ICC/qPCR method was investigated to determine the relationship
between incubation periods of cultures post infection as a function of the initial
virus concentration as needed for detection using both monolayer and
suspension cultures.
Varying concentrations of poliovirus were added to polypropylene tubes or
cell culture flasks containing 5 ml of cells and media. Samples were incubated in
24 hour intervals for 6-7 days prior to extraction and qPCR. Later, incubation
x

intervals were reduced to 8 hour intervals for 48 hours. Using 100 PFU/ml, it was
determined no significant improvement in detection was obtained after incubating
cells in either suspension or monolayer cultures after 24 hours. Seeded surface
water samples, both treated and untreated, were subjected to the suspension
culture protocol. Virus was detected in all samples, with no significant increase in
enterovirus nucleic acid detected after 32 hours. The suspension ICC/qPCR
protocol is as effective as the monolayer protocol in detecting enteroviruses in
water, and can therefore be used as opposed to using tradition cell culture
materials. In addition, as there is no increase in viral concentration after 24-32
hours post infection a reduction in overhead costs is obtainable by eliminating
extended incubation periods.

xi

CHAPTER 1

INTRODUCTION

A. Overview of the Detection of Enteroviruses in the United States

The EPA and CDC have documented the risk of enteroviruses in water
(Khetsuriani et al., 2006) (EPA, 2009). Currently, there are no regulations
mandating monitoring for such viruses due to the lack of an adequate test that is
cost effective with the ability to provide rapid results within hours. Instead, the
EPA addresses the risk associated with the consumption of virus-contaminated
water through treatment technology (EPA, 2005). The Enhanced Surface Water
Treatment Rule requires water have 99.9% removal and inactivation of viruses
using treatment which must include disinfection (EPA, 1989). Previously,
enteroviruses were detected by using cell culture, which required growth of the
virus in cell culture (EPA, 1994). The methodology proposed in the Information
Collection Rule (ICR) required drinking water utilities servicing more than
100,000 people to utilize the cell culture dependent assay to sample,
concentrate, and detect the presence of enteric viruses (Chapron et al., 2000).
The ICR was labor intensive and slow to provide results, usually taking between
14-30 days (EPA, 1994). Advances in molecular detection of viruses enables
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more rapid detection. Therefore, in 2012, the EPA released Method 1615, which
outlines assay techniques for the collection and sampling of environmental
waters using both cell culture and PCR, as separate means of detection (EPA,
2012). Method 1615 reduces the cost of equipment, reagents, and labor costs by
reducing the cell culture portion of the assay as compared to the original ICR
(Cashdollar et al., 2013). From January 2013 – 2015 the EPA is requiring the use
of Method 1615 to monitor 800 public water systems servicing 1,000 people or
less with waters not disinfected for the presence of enteroviruses and norovirus
(EPA, 2012).
Independent of the EPA, laboratories began developing alternative
methods to enhance detection of enteroviruses in water by integrating PCR with
cell culture (ICC/PCR) to enhance sensitivity, reduce the time required for
detection, and reduce financial costs (Reynolds et al., 1996). ICC/PCR methods
have been proven to be effective in detecting human enteroviruses in water,
while overcoming limitations presented by using cell culture or PCR
independently (Fong and Lipp, 2005). Many laboratories currently use ICC/PCR
methods for the detection of enteroviruses, with some variations in methodology.
For instance, the time cell cultures are incubated after inoculation prior to PCR
may differ. Due to the use of cell culture needed to detect infectious virus,
alternatives to traditional cell monolayers in specialized plates or flasks are being
investigated. One such method uses cells in suspension in polypropylene tubes.
Early results indicate these suspension ICC/PCR cultures are a lower cost option
to conventional cell culture flasks with increased sensitivity in detecting
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enteroviruses in environmental waters (Balkin and Margolin, 2010). Compared to
the EPA Method 1615 a minimum of fourteen days to return results, and may
take up to twenty-eight days for confirmation versus the suspension culture
protocol which was able to detect enteroviruses in water within six days (Balkin
and Margolin, 2010). The reduction in time required for results in reduced labor
and materials, reducing overall cost of testing for enteroviruses in water.
Furthermore, a recent study evaluating Method 1615 states ICC/PCR should be
considered for future revisions of EPA methods for increased effectiveness and
additional reductions in cost (Cashdollar et al., 2013). The work presented in this
thesis aims to provide an optimized ICC/qPCR protocol for the detection of
enterovirus in surface waters using suspension cell cultures. By optimizing the
protocol, a determination of incubation time of suspension cell cultures necessary
as a function of the viral concentration present was determined, providing
concrete information to eliminate prolonged incubation times, and evaluating the
effectiveness of the protocol in surface waters.
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B. Enterovirus Characteristics
Enteroviruses are human and animal viruses belonging to the family
Picornaviridae (Rajitar et al., 2008). This diverse viral family consists of small,
non-enveloped, positive strand RNA viruses; which explains the nomenclature
(Rajitar et al., 2008). Enteroviruses, along with foot and mouth disease virus, and
Hepatitis A virus (HAV) constitute part of the Picornaviridae family (Lauber and
Gorbalenya, 2012). Every virus in the Picornaviridae family has an icosahedral
capsid, which assists in the survival of the virus (Rajitar et al., 2008).
Enteroviruses are found in water sources, where they have demonstrated
the ability to survive for months (Gregory et al., 2006). The icosahedral capsid
facilitates the ability of the viruses to withstand chlorine treatments, and the
capacity to tolerate salinity and temperature changes (Gregory et al., 2006).
These survival characteristics explain the persistence of these viruses in treated
and untreated waters (Chapron et al., 2000).
The family Enterovirus is comprised of several genera. Human
enteroviruses include: poliovirus, coxsackieviruses, echoviruses, human
rhinovirus, and serologically numbered enteroviruses (Lauber and Gorbalenya,
2012) (Rajitar et al., 2008). Typically, these viruses enter a host body via the
fecal-oral route. The ingestion may occur directly or indirectly by consuming
water contaminated with human feces (Figure 1) (Chapron et al., 2000). The
ease of contact with fecally contaminated water is often underestimated.
Exposure to the fecal-oral pathway occurs with greater ease and frequency than
many realize. For instance, Gerba, 2001, has shown how a person may come in
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contact with pathogenic microbes from feces while laundering clothing. Though
washing will decrease the amount of pathogens in soiled laundry, some
pathogens will persist and contaminate other articles of clothing. However, it will
not eliminate all of them (Gerba, 2001). These contaminated laundry items are
then touched, spreading fecal contamination to a person’s hands. From here,
those same hands may enter a person’s mouth, food, or another item and spread
the contamination further (Gerba, 2007). The laundry example is merely one
explanation of how simple it is to participate in the fecal-oral route.
Once ingested via the fecal-oral route, enterovirus replication begins in the
intestinal lumen (Rajitar et al., 2008). The infected person may remain
asymptomatic if the virus remains within the intestines, however, viral shedding
may continue for months (Fong et al., 2005) (Rajitar et al., 2008). The disease
presented in symptomatic cases is determined by organs affected after the
enterovirus enters the blood stream and moves to a secondary target (Rajitar et
al., 2008). Symptomatic illnesses caused by enteroviruses are usually mild
gastrointestinal or febrile illnesses, which require little to no medical intervention
(Khetsuriani et al., 2006). The lack of required treatment in most cases is a major
reason the exact number of enterovirus cases is not known, as infection with the
viruses is grossly underreported. Estimates have been calculated that place the
number of enterovirus infections in the United States at 30 to 50 million per year
(Gregory et al., 2006). Regardless of the estimated number of cases, it is agreed
that enterovirus infections are among the most common causes of human
infections (Rajitar et al., 2008).
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Severe instances of enterovirus infection occur throughout the world.
Poliovirus is notoriously capable of causing central nervous system dysfunction,
paralysis, aseptic meningitis, and death (Rajitar et al., 2008). Similarly to other
enteroviruses, poliovirus infection is usually asymptomatic or may simply cause
mild illness (DeJesus, 2007). Only about 1% of polio cases cause the flaccid
paralysis the virus is usually associated with (DeJesus, 2007).
Coxsackieviruses were initially differentiated as belonging to either Group
A or Group B based on the resulting pathology in laboratory infected mice (Kim et
al., 2001). When injected into infantile mice, investigators discovered muscle
inflammation, often accompanied by flaccid paralysis (Kim et al., 2001). In
contrast, Group B coxsackieviruses caused spastic paralysis (Rajitar et al., 2008)
and myocarditis (Kim et al., 2001). Group A and Group B coxsackieviruses are
causative agents of aseptic meningitis or meningocephalitis (Muir et al., 1998).
Both groups can also cause gastrointestinal and respiratory system illnesses in
humans (Rajitar et al., 2008). Coxsackie A viruses are a cause hand, foot, and
mouth disease (Muir et al., 1998).
Echoviruses usually produce cold-like symptoms, however, along with the
other enteroviruses, severe cases may result in aseptic meningitis (Rajitar et al.,
2008). It is estimated that 80-92% of aseptic meningitis cases, for which a
disease causing agent is identified, are attributable to enterovirus (GorgievskiHrisoho et al., 1998).
Since the 1960’s newly discovered enteroviruses are identified through a
serological number based on molecular properties (Khetsuriani et al., 2006).
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Some notable examples are enterovirus 71, a causative agent of hand foot and
mouth disease (Brown et al., 2000), and enterovirus 68, which has recently been
investigated as causing polio-like paralysis in children (Roux et al., 2014).
It is of great importance to understand while all human enteroviruses can
be asymptomatic, they all have the potential to cause diseases, which can result
in death. Since enteroviruses are passed through the fecal-oral route, and have
the ability to survive in water reservoirs for extended periods of time, there is a
constant potential threat for an outbreak caused by this genera of viruses (Rajitar
et al., 2008).
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Figure 1: Fecal-Oral Route of Entry from a Generalized Water Supply and
Pathogenesis of Enteroviruses
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C. Prevalence of Enteroviruses and Public Health Concerns

Poliovirus
Depictions of people affected by flaccid paralysis in ancient Egyptian
hieroglyphs suggest poliovirus has been causing human disease since ancient
times (Groce, et al., 2014). Prior to the industrial revolution, most children
received maternal antibodies against the virus, thereby protecting them from
clinical manifestations (DeJesus, 2007). Encounters with the virus by contact with
fecally contaminated water, while protected via passive immunity provided
continuous exposure, by maintaining high levels of antibodies (Groce et al.,
2014). Ironically, since human enteroviruses are passed via the fecal-oral route,
improved sanitation in the 1900’s led to a delay in exposure until children were
no longer afforded passive immunity from maternal antibodies (Nathanson and
Kew, 2010). In wealthier, developed nations, outbreaks became more frequent,
causing greater attention to be conferred to the disease, and leading to the
development of vaccines (DeJesus, 2007).
By 1952, the poliovirus epidemic reached its peak in the United States, and
estimated to be in excess of 21,000 cases (DeJesus, 2007). In 1955, the first
poliovirus vaccine, an inactivated trivalent vaccine produced by Jonas Salk, was
approved for use (DeJesus, 2007). Quickly, mass immunizations began in the
United States (Groce et al., 2014). Additionally, an attenuated oral vaccine was
produced by Albert Sabin, offering greater gastrointestinal immunity, as it
replicates in the intestinal lumen, and stimulates IgA (Hird and Grassley, 2012).
Once immunized with the oral vaccine, a person sheds the attenuated virus
9

strains, leading to longer exposure and extended immunity (DeJesus, 2007). The
stimulation of gastrointestinal antibodies combined with increased shedding, and
reduced cost, makes the oral vaccine a more attractive choice than the
inactivated vaccine in areas where poliovirus is still endemic (Hird and Grassley,
2012).
After the development of polio vaccines, the number of cases declined
sharply, many developed nations were declared free of polio by the 1980’s
(Groce et al., 2014). However, incidences of vaccine derived poliomyelitis have
occurred, due to the genetic instability of the Sabin vaccine (DeJesus, 2007). As
such, the United States and many other countries declared free of environmental
wild-type (wt) poliovirus have ceased the use of the oral vaccine (DeJesus, 2007)
(Lycke et al., 2014).
Currently, Nigeria, Pakistan, and Afghanistan are the only countries in
which poliovirus is considered endemic (Lycke et al., 2014). Modern international
travel, refugee situations, and general migration leads to the transportation of wt
poliovirus into countries where the virus is not endemic (Global Polio Eradication
Initiative, 2013). Recent outbreaks of wt poliomyelitis in the Horn of Africa,
Central Africa, Pakistan, and Syria are examples of how poliovirus can quickly
become a health concern in a country considered “polio free”. Environmental
samples testing positive for the wt virus in countries such as Israel and Brazil are
very concerning, and pose a threat to global eradication efforts (Global Polio
Eradication Initiative, 2014).
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Due to the discovery of wt poliovirus in environmental samples throughout
much of the country, the Israeli Ministry of Health instituted a national program to
supplement the standard killed immunization with the oral vaccine (Lycke et al.,
2014). This decision was difficult, as the risk of virulent strains derived from the
oral vaccines can lead to outbreaks of vaccine derived poliomyelitis. This
phenomenon was seen in Haiti in the early 2000’s, and in countries fighting both
wt and vaccine derived polio such as Nigeria (Global Polio Eradication Initiative,
2014) (Lycke et al., 2014). The continuance of outbreaks, and reemergence of wt
polio in countries such as Israel highlight the continued need for fast, reliable
surveillance of environmental water samples.

Non-Polio Enteroviruses
Non-polio enteroviruses are also cause for public health concern. As
previously mentioned, various enteroviruses are able to cause severe disease,
and outbreaks occur throughout the world (Muir et al, 2002). Surveillance of all
enteroviruses is imperative, and as with current procedures with poliovirus,
should continue even after treatments or vaccinations are available. Prior to the
reclassification of human rhinoviruses as enteroviruses, enterovirus infections
were considered second to only rhinoviruses in prevalence (Rajitar et al. 2008).
Paralysis may be caused by enteroviruses other than poliovirus (Muir et
al., 1998). Over 80% of aseptic meningitis cases are estimated to be produced
by enterovirus infections, some of which may be fatal (Mohamed et al, 2002).
Enterovirus 71 is often the cause of hand foot and mouth disease (McMinn et al.,
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2001). Additionally, enterovirus 71 has led to cardiopulmonary collapse in
outbreaks in Taiwan (Lin et al., 2003), or neurological complications in outbreaks
such as one reported in Western Australia (McMinn et al., 2003).
Recently, concern arose after doctors in California identified patients with
flaccid paralysis not caused by poliovirus (Cole, 2014). Attending neurologists
presented their findings at the American Academy of Neurology Annual Meeting,
where they described 20-25 cases considered “polio-like” (Roux et al., 2014).
Two of the cases tested positive for enterovirus 68, leading the authors to
specifically state the importance of highlighting a potential “polio-like syndrome in
California”, potentially caused by enterovirus 68 (Roux et al., 2014). The CDC
has previously reported enterovirus 68 as causing respiratory illness which
caused varying degrees of virulence ranging from mild disease to the
requirement of intensive care and mechanical ventilation (Centers for Disease
Control and Prevention, 2011). The variation in severity of illness is often
unpredictable. There is some correlation with immunosuppression, age, and
seasonal changes, but these factors do not account for all variability observed
(Khetsuriani et al., 2006).
In addition to acute problems, chronic conditions such as insulin
dependent diabetes mellitus (type 1 diabetes) show a strong association with
enterovirus infections. One meta-analysis of molecular studies showed the
increased risk of type 1 diabetes to be nine times greater when associated with
enteroviruses (Yeung et al., 2011).
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D. Poliovirus as a Model Enterovirus

Poliovirus is the only one of two enteroviruses for which there is a vaccine,
though work is progressing on a vaccine for enterovirus 71 (Lee and Chang,
2010). One of the reasons for using poliovirus in the laboratory as opposed to
other enteroviruses is the existence of the vaccine, and high rates of vaccination
in laboratory personnel. In addition, because of the epidemics of the 20 th century,
poliovirus became a virus of high interest, and has continued to be the most
extensively studied of all enteroviruses (Oh et al., 2009).
All enteroviruses have a highly conserved 5’ untranslated region (5’-UTR),
which can be targeted for molecular detection, making it possible to use one
enterovirus to model the detection of others (Nijhuis et al., 2002). A comparison
of the 5’ UTR region of enteroviruses showed a minimum 77% nucleotide identity
between two clusters of the genus (Muir et al., 1998). The two individual clusters
had more than a 70% nucleotide identity when over 50 enterovirus strains were
sequenced (Muir et al., 1998). After identification at the genus level, further
species identification can be ascertained by the 3’ UTR region; as this area of the
genome is highly conserved within individual species (Oberste et al., 2006).
The benefit of vaccination and the amount of studies and understanding of
the virus, indicate poliovirus is an ideal archetype to use in the laboratory.
Studies have been performed in the past using this same rationale with success
(Lees et al., 1994).
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E. Enterovirus Detection Methods

Cell Culture and the Plaque Assay
Viruses are intracellular parasites, requiring host cells to replicate and
survive (Shors, 2009). Mammalian cell culture is the use of cells removed from
human or animal organs, or a developed primary cell line to produce a host
replica (Freshney, 2010). In that effect, cell culture reduces the use of whole
living animal organisms for viral proliferation (Shors, 2009) by mimicking in vivo
environments for the growth of viruses (Freshney, 2010).
The use of cell culture for the isolation and quantification of viruses
requires cell lines susceptible to infection by the viruses of interest (Gallagher
and Margolin, 2009). There is no universal cell line able to host all viruses
(Chapron et al., 2000). This is an important variable to bear in mind when using
cell culture for water sampling to propagate and identify viruses (Schmidt et al.,
1978).
Poliovirus was first isolated from water in the 1930’s and 1940’s (Griffin et
al. 2003). The methods first described during that era involve absorbing the
viruses through a gauze pad and passing them through mammalian cells for
cultivation (Griffin et al. 2003). To visualize whether infection of the cells
occurred, the presence of cytopathic effects (CPE) are observed. CPE are
morphological changes able to be visualized in the cells used for culture (Shors,
2009). Examples of these changes are cell rounding, cell shrinkage, the
formation of inclusion bodies, detachment from cell culture vessels, and cell
death (Gallagher, 2009) (Shors, 2009). Some viruses do not cause CPE in cell
14

culture (Reynolds et al., 2001). Additionally, in a mixed viral culture, the fastest
growing virus will outcompete other viruses. The possibility viruses that do not
proliferate as well in chosen lines and will therefore not be detected is another
limitation to consider when choosing cell culture for identifying viruses in samples
(Lee et al., 2005).
Beginning in the 1950’s, a method of utilizing cell culture with agar was
described by Renato Dulbecco. This method allows for the visualization by lysis
of the cells leading to clearings in cell monolayers (Hsiung and Melnick, 1955).
These clearings are called “plaques” (Hsiung and Melnick, 1955). Since the
development of this assay, modifications have been made to detect specific
viruses, and for increased visualization of plaques by using dyes.
In the plaque assay, cells are grown in a specialized culture vessel until
they are confluent, meaning there is little to no space between the cells (Shors,
2009). Once the cells are confluent, a serially diluted sample is added and
incubated. Following the incubation period, the agar overlay, often containing a
dye, is added. The vessels containing the cells, virus, and cooled agar overlay
are incubated until plaques appear. These clearings, or plaques, are theorized to
arise from a single virion, which replicates, killing the localized host cells, leading
to the plaque (Moce-Llivina et al., 2004). Using serial dilutions to infect the cells,
these plaques can be counted, and used for finding the viral titer in a sample
(Shors, 2009). This quantification is typically given as plaque forming units
(PFU), often PFU/mL, which is calculated by dividing the number of plaques
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counted by the volume of the sample plated, followed by multiplication of the
inversion of any dilution factor (Gallagher, 2009).
The determination of cell lines appropriate for the detection of
enteroviruses has been investigated to find cells with high sensitivity to infection
(Balkin and Margolin, 2010). Buffalo Green Monkey Kidney (BGM) cells have
proven to be a cell line capable of prompt isolation and detection of enteroviruses
from water and environmental samples (Hoyt and Margolin, 2000) (Dahling and
Wright, 1986). Some investigators have argued that BGM cells lack sensitivity to
select enteroviruses compared to other cell lines (Chronmaitree et al., 1988).
Suggestions have also been made to combine cell lines, in order to be more
successful in detecting more viruses in samples (Mocé-Llivinia et al., 2004). Still,
the EPA still considers the BGM cell line to be the “gold standard” in the
detection of enteroviruses from water samples (EPA, 2012).
In terms of testing surface water samples for the presence of
enteroviruses, the plaque assay is able to accommodate the typical concentrated
sample size of 20 to 30 ml (Reynolds et al., 1995). This sample size is based
upon collection and concentration recommendations placed forth by the
Environmental Protection Agency (EPA) in the Information Collection Rule (ICR),
published in 1995, and the more recently developed EPA Method 1615 (EPA,
2012). These guidelines are for the detection of enteroviruses and norovirus,
which the EPA maintain on the Contaminate Containment List (CCL) due to the
concerns of human infection, and public health impact (EPA, 2012).
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Cell culture allows for the differentiation of infectious and noninfectious
viruses (Reynolds et al., 1995). This is imperative, as viruses may remain in
water after sufficient treatment, however, be inactivated and unable to cause
disease (Gregory et al., 2006). If noninfectious virus is added in the plaque assay
method, no plaques will form, as there will be no cell death. This eliminates the
probability of false positive results as noninfectious virus is not detected.
Cell culture and has some disadvantages in detecting enteroviruses in
water. One such disadvantage is the relatively high financial burden in
comparison to newer molecular methods due to greater personnel requirements
and lengthier time for detection (Gallagher and Margolin, 2007). Along with the
monetary cost, it may take up to a month to be able to visualize any results
(Reynolds et al., 2001). This is not practical in water testing, when time sensitive
results are required to best protect public health through infection control
(Chonmaitree et al., 1988).
Another disadvantage is the ease of visualizing single plaques in order to
determine viral titers in water (Gallagher and Margolin, 2007). Clearings from
separate plaques may overlap, appearing as a single clearing, lowering the
amount of virus quantified. Lowering the concentration by diluting the sample
may result in low plaque counts that have no statistical relevance.
The presence of organic and nonorganic materials in the sample may kill
the cells creating the appearance of plaques, resulting in false positive results
(Reynolds et al., 2001). There is no discernable difference in these clearings. It is
not possible to distinguish whether virus or toxic materials are causing the
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plaques until toxic contaminants have been removed, creating additional labor,
and longer wait time for results (Gallagher, 2009). In 1978, Schmidt et al,
discovered plaques would form from toxic materials, with no recovery of virus,
proving the necessity to remove toxins to correctly identify plaques as being
caused by viral infection of the cells.

Polymerase Chain Reaction (PCR)
Molecular technologies, particularly PCR, have been applied to the
detection of enteroviruses since the 1980’s (Griffin et al., 2003). This method
involves extracting viral nucleic acids, and using specifically developed primers to
amplify a regional genetic target (Fong and Lipp, 2005) (Gallagher and Margolin,
2009). In this laboratory assay, primers are combined with a heat stable enzyme,
typically Taq polymerase, to bind to the extracted nucleic acids. Repeated
amplification of nucleic acids via thermocycling increases the genomic target.
The high sensitivity of PCR allows for increased detection due to the ability to
detect low concentrations of enteroviruses in water samples due to the amplified
genomic target (Moore and Margolin, 1993). In addition to the high sensitivity,
PCR is relatively less costly than traditional cell culture techniques, as it requires
less time for detection (Reynolds et al, 1995).
As mentioned previously, the detection of enteroviruses using PCR is
centered on using primers to target the highly conserved 5’ UTR portion of the
genome; which exists throughout all known enteroviruses (Muir et al., 1998).
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Specific species detection based on using the 3’ UTR, which is conserved among
species may also be performed (Obereste et al., 2009).
The inability to distinguish between infectious and noninfectious viruses is
one of the greatest hindrances in using direct PCR for enterovirus detection
(Gallagher and Margolin, 2009). Another shortcoming is the small reaction
volumes, restricting the amount of a water sample to be tested (Reynolds et al.,
2001). Surface water samples are concentrated after collection, however,
attempts to directly reduce samples to volumes suitable for PCR results in
concentrating PCR inhibitory substances (Rodriguez et al., 2009).

Quantitative PCR (qPCR)
Quantitative, or real time, PCR (qPCR) uses fluorescent probes or dyes to
enumerate the concentration of viruses within a sample (Fong and Lipp, 2005).
This is an advantage over traditional PCR, which only indicates a positive or
negative result for the presence of a genetic target. Results in qPCR are given by
the minimum number of cycles required for detection, when the fluorescence
given by the PCR reaction is greater than the background (Gallagher, 2009).
Therefore, the relationship between a given cycle threshold (Ct) value, is inverse
to a viral titer; a higher virus concentration correlates to a lower Ct value, and
vice versa. A computerized system detects fluorescence after every cycle,
thereby displaying results simultaneously as they occur (Rajitar et al., 2008).
As with traditional PCR, the isolation of RNA is required prior to
amplification. Current methods often utilize kits available for purchase, which are
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fast and simple, while still retaining high efficiency (Fong and Lipp, 2005).
Following nucleic acid extraction, the viral RNA is combined with primers, Taq
polymerase, reverse transcriptase, and fluorescent probes. This mixture is
placed into real time PCR equipment. The primers are designed specifically for
the desired target, as in traditional PCR. One or more fluorescent probes may be
used, depending on the machine being used and the methodology appropriate
for that instrument (Shipley, 2006). One qPCR method involves the use of a
Taqman probe assay. This analysis utilizes a probe with a reporter dye, and in
some cases, a quencher dye (Gallagher, 2009). During the experiment, primers
and reverse transcriptase create complimentary DNA (cDNA) (Shipley, 2006).
This is followed by the binding of the fluorescent probes to the cDNA (Gallagher,
2009). The reporter is excited at a specific wavelength specific to the dye.
Following excitation, Taq polymerase cleaves the reporter probe, causing a
longer wavelength to be emitted. The lengthier wavelength is detected by the
qPCR instrument, and the emitted light is finally absorbed by the quencher dye
(Mohamed et al., 2002). After this phase, the temperature is decreased, and the
polymerase extends from the primers forming a new amplicon. The entire
process is repeated, typically for 40 cycles, resulting in amplification of the target,
and wavelength readings at each cycle (Shipley, 2006).
qPCR was a great advancement in the detection of enteroviruses, as no
gel electrophoresis is needed to determine the presence or absence of viral
nucleic acids (Gallagher, 2009). This process saves time, and because this
assay is performed in a closed system, may reduce contamination (Fong and
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Lipp, 2005). In addition, qPCR has been shown to be as sensitive, or to have
greater sensitivity, than traditional PCR (Fong and Lipp, 2005). Nevertheless,
similar to traditional PCR, qPCR is impeded by the inability to distinguish
between infectious and noninfectious virus. Direct use of qPCR for environmental
and water samples has been expanded upon to overcome some of the assay’s
limitations.

Integrative Cell Culture/PCR (ICC/PCR)
When used in tangent, cell culture and PCR overcome the shortcomings
presented by the individual methods. An integrative method of cell culture and
PCR (ICC/PCR) has been created, and evaluated by many for the detection of
enteroviruses in environmental water samples (Fong and Lipp, 2005). Cell
culture is used to propagate infectious virus, which is then followed by detection
by PCR (Chapron et al., 2000) (Rajitar et al., 2008). Theoretically, this eliminates
noninfectious viral particles which may be detected by direct PCR (Rajitar et al.,
2008). This allows for viral detection with shorter incubation times than a
traditional cell culture, since the PCR step can be performed before the presence
of observable CPE (Fong and Lipp, 2005).
Traditional cell culture may result in cell death, CPE, or plaque formation
by nonviral toxic components in an environmental sample. Because the ICC/PCR
method combines molecular sensitivity, only viral nucleic acid targets are
detected. Toxic compounds in environmental water samples may also interfere
with PCR detection of enteroviruses (Reynolds et al., 2001). Studies have
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confirmed ICC/PCR as a better method than PCR alone for detecting
enteroviruses in environmental samples; reducing false negative results by
diluting elements that would otherwise inhibit PCR detection (Reynolds et al.,
2001).
One of the individual disadvantages of PCR is the small volume that is
sampled for detection. Typically, 10-20 µl is removed from concentrated water
samples, which are concentrated after collection to 20-30 ml (Reynolds et al.,
1995). By using an integrative technique, the cell culture portion is able to be
inoculated with larger volumes (Reynolds\, 2001). The virus is then able to
propagate, increasing the concentration of infectious virus prior to nucleic acid
extraction, increasing the probability of detection (Chapron et al., 2000).
The use of a molecular detection method reduces the incubation time
required for detection. Traditional plaque assays or CPE observance typically
require 14 days, whereas an ICC/PCR has shown results in 24 hours (Reynolds
et al., 2001). Furthermore, ICC/PCR, is able to detect low concentrations of
enterovirus that may not be detected via traditional cell culture (Reynolds et al.,
2005).
The comparison of an ICC/nested PCR (ICC/nPCR) method and the
requirements of the EPA’s ICR determined the integrative techniques was more
adept at detecting enteroviruses, astroviruses, and andoviruses in surface waters
(Chapron et al., 2000). This study concluded traditional methods of CPE
observance likely led to underestimates of viral concentrations. Additionally, the
recommendations set forth by the ICR may fail to detect viruses that do not
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produce CPE (Chapron et al., 2000). Inability of water utilities to perform more
recently developed molecular assays was mentioned as a possible limitation to
functional use of the ICC/nPCR method (Chapron, 2000), though the EPA’s
publication of Method 1615 insinuates molecular techniques have become more
common for water quality testing (EPA, 2012).
Another study evaluated an integrated culture and reverse transcriptase
PCR (ICC/RT-PCR) in comparison to direct reverse transcriptase PCR (RTPCR), PCR, and the plaque assay to detect enteroviruses and adenoviruses in
river water, treated sewage effluent, sludge, and shellfish. It was concluded that
ICC/RT-PCR was a better detection method for adenoviruses, but less effective
for enteroviruses. The authors reasoned the source of the sample has a large
effect on the effectiveness of the molecular methods due to the presence of
inhibitory compounds (Greening et al., 2002). Therefore, direct PCR was plagued
by the same problem as ICC/RT-PCR, as inhibition of detection occurred in
samples containing high quantities of contaminants, such as sewage. A potential
flaw in this study was the procedure used, which entailed adding virus and media
to cells, and following an incubation period of 2-3 days, removing part of the
inoculum for molecular testing (Greening et al., 2002). Because the infected cells
were not removed for testing, the effectiveness and sensitivity of the integrative
method was likely affected, as infected cells containing virus may not have been
included in the sampled inoculum (Gallagher, 2009).
Surface water and tap water were collected and tested for the
simultaneous detection of enteroviruses and adenoviruses. This evaluation
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showed an increase in the number of positive samples when using an ICC/
multiplex nested PCR method in comparison to the use of cell culture alone.
However, many of the samples detected solely by the integrative technique
tested positive for adenoviruses, which replicate more slowly than enteroviruses,
and do not show CPE. The investigators believed the results may indicate the
integrative method is best utilized in detecting viruses which do not exhibit CPE.
It was also recommended the cell culture portion of the ICC/nPCR method be at
least 14 days in order to detect viruses in very low concentrations, or to detect
viruses with slower replication cycles. In the end, the authors concluded this
method was adequate in detecting enteroviruses and adenoviruses
simultaneously from water samples (Lee et al., 2005).
In a separate study examining the efficiency of a multiplex ICC/PCR
method for the detection of enteroviruses in water found the integrative technique
to be an improved detection method in comparison to tradition CPE visualization.
The authors were able to detect enteroviruses and other viruses, such as
adenovirus and reovirus. (Lee and Jeong, 2004).
Advantages of using the ICC/PCR technique has been repeatedly shown
over using either cell culture or PCR alone in the detection of enteroviruses
(Reynolds et al., 2001). In 1995, a publication of the detection of enteroviruses by
an ICC/PCR protocol was published, revealing very short incubation periods of
low viral titers in water. Specifically, it was found that only one day of incubation
was required to identify ≥2.8 PFU/mL of poliovirus through ICC/PCR. Using cell
culture alone required a minimum of 3 days to detect the same virus
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concentration. Longer incubation periods (10 days) were able to detect
concentrations less than 2.8PFU/mL (Reynolds et al., 1995). Later, these results
were expanded upon, culminating in detection of 100 PFU inoculated into a
single culture flask for 5 hours prior to PCR. Reducing the concentration of virus
to 10PFU per flask resulted in 80% detection after 5 hours of incubation, and
100% detection after 10 hours of incubation. Lower poliovirus concentrations
were detected after long periods of incubation (20 days for 1 PFU and 25 days
for 0.1 PFU). In comparison, cell culture required 5-7 days of incubation for the
detection of poliovirus. Hepatitis A virus (HAV) was also tested, which resulted in
detection occurring after 12 hours. The longer replication cycle of HAV, means
the incubation time of the cell culture step must be increased, which is likely true
of other viruses with longer replication cycles (Reynolds et al., 2001). After many
studies, ICC/PCR has proven more adept at detecting enteroviruses than direct
PCR of environmental samples due to the dilution of inhibitory substances
(Blackmer et al., 2000).
Direct qPCR and ICC/qPCR were compared using water concentrates in
order to demonstrate the value of rapid molecular detection for enteroviruses.
This study found the risk of over-estimating viral infectivity in waters to be as high
as a 91-fold increase versus the actual presence of infectious viruses (Shieh et
al., 2007). This reinstates the importance of using an integrative method in order
to detect viruses which may be of harm to public health, versus detecting
inactivated viral particles (Reynolds et al., 2001).
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Numerous studies have concluded that an ICC/PCR method is able to
overcome individual inadequacies of traditional cell culture or PCR alone.
Whether the sample be potable water, sewage, river water, shellfish, or other
reservoirs of enterovirus, studies have demonstrated the efficiency and efficacy
of ICC/PCR. The addition of quantification and elimination of gel electrophoresis
by real time PCR has made this technique more rapid, and therefore, more
valuable for the detection of enteroviruses in water; which provides a practical
tool in environmental public health.

Suspension ICC/qPCR
Whether using cell culture or the ICC/PCR technique to detect
enteroviruses, the methods described involve growing a monolayer of cells prior
to infection. Limited research has been conducted using cells suspended in
media to create a near three dimensional matrix has been used for the detection
of certain human viruses. Confluent monolayers may reduce the availability of
receptors for viral attachment. Theoretically, cells in suspension have more
receptors available, allowing for increased attachment and adsorption, and
therefore faster identification and greater yields when detected by ICC/qPCR.
Goldstein et al. used cells in suspension for the detection of enteroviruses.
The published report explains a method of using BGM cells removed from a
monolayer and adapted to grow in suspension. These cells were placed in
maintenance media, then positioned onto a gyratory shaker, rotating at 125 rpm,
to prevent cell attachment to cultureware. The results of this investigation
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indicated that the shaker culture was comparable to that of the monolayer culture
when examining the three poliovirus serotypes, Coxsackie A9, B2, B3, B4, B5, or
ECHO 7, or 25. One exception was Coxsackie virus B1, which had a greater
yield in the shaker culture than in the monolayer. Based on this discovery it was
theorized some enteroviruses may return a higher yield in the shaker cultures.
Regardless of the similar yield and inoculation time requirements, the shaker
culture was able to examine greater volumes of water samples due to the ability
to manipulate the BGM cell concentrations. Because traditional culture requires a
monolayer, this limits the manipulation of cell concentrations to adapt to different
sample volumes, or concentrations of virus (Goldstein et al., 1982).
Another study assessed using a suspension culture for the detection of
Herpes Simplex Virus (HSV). Using samples containing relatively high viral titers,
HSV was detected in suspension cultures after 18-24 hours, compared to an
average of 4.8 days in standard culture. In lower concentration samples, the
suspension and traditional cultures were comparable, with minimal differences
being attributable to random distribution of the low viral titers. The study revealed
multiple advantages to using the suspension culture. One such benefit was the
reduced cell manipulation required for the suspension cultures, thereby reducing
the potential for cell culture contamination. Another improvement observed was
the increase in longevity when storing cells in suspension, kept at 2 to 8°C, which
was increased by 5 days compared to cell monolayers (Luker et al., 1990).
The HSV suspension culture was modified for the detection of
enteroviruses by using BGM cells placed in suspension in polypropylene (pp)
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tubes with samples inoculated, incubated, and finished by qPCR (suspension
ICC/qPCR). This experiment compared traditional monolayer cultures versus
cells placed in this method of cell suspension. Poliovirus type 1 was inoculated
into both cultures, and after a 6 day incubation period, qPCR was run. The
average Ct value for poliovirus grown in the monolayer was 32.17, while the
average Ct value for cells grown in suspension was 25.51, a significant
difference. Furthermore, mention of other benefits, such as the lower risk of
contamination, and decreased cost between using traditional cell culture flasks
and pp conical tubes make the suspension culture an attractive option (Balkin
and Margolin, 2010).
In summary, enteroviruses are found in water via the fecal-oral route.
Once ingested, the viruses may be asymptomatic, however the person infected
continues shedding the virus, potentially spreading the virus to another person or
water source. Others may have symptomatic disease which may be mild febrile
illness. Severe cases may include paralysis, aseptic meningitis, or other
debilitating ailments.
The detection of enteroviruses in the environment and water has evolved
from cell culture methods to the incorporation of molecular methods. PCR has
high sensitivity and specificity, but lacks the ability to differentiate between
infectious and noninfectious virus. The limitations of the individual detection
methods has led to the development and use of an integrated practice combining
the culture and molecular assays. Suspension cultures have been proposed to
improve enterovirus detection, with most results indicating at least similar or
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greater results to the monolayer culture. A recent proposal suggests suspension
ICC/qPCR is better at detecting enteroviruses than a monolayer ICC/qPCR, with
the added benefit of reduced financial costs. This suspension ICC/qPCR method
did not determine optimal conditions to establish how rapid or sensitive this
system may be.
This thesis improves the suspension ICC/qPCR model put forward by
Balkin and Margolin in 2010 by optimizing the time post infection required for
enterovirus detection compared to the initial concentration of viral inoculations.
The function of cell density, and its role in suspension ICC/qPCR is also
investigated. The end result of this research project is to analyze the results to
provide a fully optimized suspension ICC/qPCR protocol for the rapid detection of
enteroviruses, using poliovirus as a model, in surface water samples.

29

CHAPTER 2

METHODOLOGY

A. Initial Propagation of Poliovirus Type 1 (Strain Lsc-1)

BGM cells (American Type Culture Collection, Manassas VA) were used
due to the requirement for mammalian cells for viral experimentation. For initial
virus propagation, BGM cells were grown to confluency in a closed system T225cm2 cell culture flask (Corning, Corning, NY). Minimal growth medium (MEM),
prepared per the recipe instruction in Appendix B, and used for cell growth and
maintenance. The MEM was supplemented with heat-treated fetal bovine serum
(FBS) of varying volumes depending on the growth needs of the cells. For
increased rates of growth, higher volumes of FBS were used (5 or 10% v/v),
while 2% supplemented FBS was used to maintain the cells.
In-house poliovirus type 1 strain LSc (PV-1), which had been stored at 20°C, was thawed at 25°C. The BGM cells grown in the T-225cm2 flask were
washed three times with 1X phosphate buffered solution (PBS). To propagate the
virus, 1 ml was added to the BGM cells, and the flask was rocked before being
placed in an incubator maintained at 37°C. The cells incubated with the virus for
90 minutes in order to allow for viral attachment. After incubating, the flask was
removed and MEM supplemented with 2% FBS was added before returning the
flask to the incubator for a 24 hours. Following the second incubation period, the
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flasks were observed under an inversion microscope to identify CPE such as cell
detachment from the flask or cell death. The presence of CPE indicated the virus
had successfully infected the cells. The contents of the flask were transferred to
a 50mL conical tube (Corning) and placed at 4°C for storage and enumeration of
the virus.

B. Enumeration of Poliovirus Stocks

To determine the concentration of the propagated PV-1, the neutral red
plaque assay method was used. BGM cells were grown in 6-well open system
plates (Corning) with each well containing 3-4mL of MEM, supplemented with
FBS in ranges of 2% to 10%. The plates were incubated at 37°C with 5% CO 2
until the cells in each well achieved 90-100% confluency.
The cells in the plates were washed three times with 1X PBS to remove
dead cells and proteins which may interfere with the formation of plaques
(Dahling and Wright, 1984). After washing, 100µL of the propagated
poliovirus/lysate mixture was added to the cells in 10 fold dilutions. Immediately
following the addition of the virus the plates were returned to the incubator for 4560 minutes to allow for viral attachment and absorption. Following incubation, 4
ml of tempered agar overlay containing 2% agar (Sigma), 4% FBS, 2%
antibiotic/antimycotic, and 1% kanamycin sulfate was added to each well. The
agar overlay hardened at room temperature and the plates were returned to the
incubator. Plaques were counted after 3 days, and continued to be examined for

31

additional plaques until 7 days. The plaque forming units were determined by the
equation found in Appendix A.

C. Removal of Cell Debris

A comparison of the effect of cell debris as an inhibitor of viral replication
was determined by performing plaque assays with PV-1 with and without BGM
cell matter in the lysate. To remove cell debris, the stored lysates containing
propagated PV-1 were placed in a centrifuge and spun at 1000 x g for 15
minutes. The supernatant was removed and a 10-fold dilution using 1X PBS was
performed in order to create 1 ml aliquots. After placement into cryogenic tubes,
the aliquots were stored at -70°C until further use. Individual aliquots were
disposed of after a single use.

D. Inoculation of Cultures for ICC/qPCR
Monolayer Inoculation in T-25 cm2 Cell Culture flasks
Monolayer samples were grown to confluency in T-25 cm2 cell culture
flasks (Corning) using MEM with varying FBS levels (2-10% v/v), depending on
the rate of cell growth desired. After attaining 90-100% confluency, the cells were
washed three times with 1X PBS. Following washing, 4 ml of MEM supplemented
with 2% FBS was added to the flasks. Serial dilutions of enumerated PV-1 using
1X PBS were performed to attain the desired viral titers in a total volume of 1 ml
to be used per flask. The concentrations of PV-1 used were 1, 10, 100, and 103
PFU/ml. A total of 8 flasks was required to complete the full time course. After
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inoculation, one flask was immediately frozen at -70°C (T = 0). The remaining
flasks were placed in a 37°C incubator, with one flask being removed and frozen
every 24 hours for 7 days (168 hours) (Figure 2).
Later experiments also used 25cm2 cell culture flasks, however, these
were inoculated with 0.1 ml of PV-1 as opposed to 1 ml of viral inoculum. A
single flask from each set was placed in the freezer immediately (T = 0), the rest
were incubated at 37°C. One flask from each set was removed every 8 hours, up
to a total time of 48 hours. The flasks were frozen at -70°C until nucleic acid
extractions and qPCR was ready to be performed (Figure 2). The virus
concentrations used for these experiments were 1, 10, and 100 PFU/ml.
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Figure 2. Procedures for inoculating monolayer cultures, after preparation
of serial dilutions of PV-1 to be used as inoculum. The left side follows
the procedure for inoculating T-25cm2 flasks with 1 ml of PV-1 for 24
hour intervals, The right side follows the procedure for inoculating flasks
with 100 µl of PV-1 for 8 hour intervals.
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Suspension Inoculation 40 ml Samples
BGM cells were grown to confluency in T-150 cm2 cell culture flasks
(Corning) using MEM with varying FBS levels (2-10%), in the same manner as
the monolayer inoculations. After washing the cells three times with 1X PBS, 10
ml of trypsin-EDTA (Thermo Fisher Scientific) was added to detach the BGM
cells from the cell culture flasks. The flasks were rocked to distribute the trypsinEDTA evenly throughout the flask, then placed incubated at 37°C for 45 minutes.
After incubating, the mixture was transferred from the T-150 cm2 flask to a 50 ml
conical tube. MEM with 2% FBS was added to reach a total volume of 34 ml.
Serial dilutions of the enumerated PV-1 were performed using 1X PBS
were performed to obtain the desired viral concentration in 6 ml total volume. For
each time course, eight 50 ml conical tube containing trypsonized cells and
media were inoculated with the PV-1 dilutions. One tube was removed and
frozen immediately (T = 0), while the remaining tubes were incubated at 37°C.
Following every 24 hours, a tube was removed from the incubator and frozen at 70°C, a process continued for 7 days (168 hours) (Figure 3). The concentrations
of virus used were 1, 103, and 104 PFU/ml.

Suspension Inoculation 5 ml Samples
BGM cells were grown to confluency in T-25 cm2 cell culture flasks
(Corning) using MEM with varying FBS levels (2-10%) in the same manner as
previous BGM culture growth. After washing, 1 ml of trypsin-EDTA was added
and the flasks were rocked for even coverage of the cells. The flasks were

35

incubated at 37°C for 45 minutes. After the cells detached from the flasks, the
liquid mixture was transferred to 15 ml conical tubes. MEM supplemented with
2% FBS was added to reach a total volume of 5 ml.
The enumerated PV-1 was diluted to attain desired viral titers of 1, 10, and
100 PFU/ml in a total volume of 100 µl. Every 15 ml conical tube containing cells
and media was inoculated with the PV-1 dilutions. Beginning immediately after
inoculation (T = 0), a tube was frozen and stored. The remaining tubes were
incubated at 37°C and every 8 hours a tube was removed and frozen at -70°C.
This process continued for 48 hours. The tubes were stored at -70°C until nucleic
acid extractions and qPCR was ready to be performed (Figure 3).
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Figure 3. Procedures for inoculating suspension cultures (dilutions of PV-1
prepared separately). The left side is the procedure for 40ml total volume for
24 hour intervals, the right side is the procedure for 5 ml for 8 hour intervals.
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E. Evaluating Effect of Beginning BGM Cell Concentration

To determine if BGM cell concentration had an effect on the outcome of
the suspension ICC/qPCR protocol, BGM cells were grown to confluency in T25cm2 cell culture flasks. The cells were removed from the cultureware by adding
1 ml trypsin-EDTA and incubating for 45 minutes at 37°C. Following the
incubation, the cells were observed under a microscope to verify detachment,
then removed from the flasks and placed in minicentrifuge tubes. These were
centrifuged for 5 minutes at 4,000 RPM on an IEC 24 x 2 ml minicentrifuge
(Thermo Fisher Scientific). The cells were resuspended in 5 ml of 2% FBS MEM
and counted using a hemocytometer (Hausser Scientific, Horsham PA). The
initial cell volumes were determined using the equation in Appendix C. The
concentrations of the cells were manipulated by diluting or adding BGM cells to
reach 105, 106, or 107 total cells per sample. After adjusting the concentration of
the BGM cells, 100 µl of 100 PFU/ml (10 PFU total) PV-1 was added to each
individual sample tube. The samples were incubated for 8 hour intervals, up to 48
hours, after which they were frozen at -70°C for storage. The same protocol used
for extraction and qPCR of other suspension samples was followed.
F. Seeding of Water Samples with PV-1

Water samples were collected and shipped to the laboratory following the
guidelines set forth by the EPA in the Information Collection Rule 4 and Method
1615 (EPA, 1995 and EPA, 2012). Four samples from different sources were
selected to be seeded with PV-1 to mimic virally contaminated water sources. All
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four of the samples tested negative for enteroviruses using ICC/qPCR protocols
currently approved for the testing of surface waters.
The four surface water samples had been stored at -70°C as dictated in
current protocols. Therefore, the samples were thawed until fully liquid, then
vortexed for 15 seconds. After mixing, 5 ml of each sample was removed and
placed into a 15 ml conical tube for use in further studies. The remaining samples
volumes were returned to storage. The four samples were inoculated with PV-1
aliquots for a final virus concentration of 106 PFU/ml. The four seeded samples
were used in neutral red plaque assays to verify the viral concentration present in
the water samples. The plaque assays also ensured no inhibition of viral
replication was occurring due to inorganic matter present in the water. The
plaque assay method employed during the PV-1 enumeration was followed using
the seeded samples as opposed to the aliquoted virus.
Following the plaque assays, the water samples were subjected to the
suspension ICC/qPCR method using the 5 ml suspension protocol. The seeded
samples were serially diluted using 1X PBS until they had a final viral
concentration of 100 PFU/ml. Next, 100 µl of the diluted seeded samples were
added to suspended BGM cells for a final inoculum of 10 PFU/ml. For each set, a
tube was removed and frozen immediately following inoculation (T = 0) and
frozen at -70°C. The remaining samples were incubated at 37°C for 8 hours, until
the time trial concluded at 48 hours. After the incubation periods, the tubes were
frozen at -70°C for nucleic acid extraction and qPCR. This procedure was
repeated on separate occasions to ensure accuracy.
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G. Extraction of PV-1 RNA

Prior to extracting PV-1 RNA from any samples, the cultures were
removed from storage at -70°C and placed in a 37°C water bath for rapid
thawing. Once thawed, QIAamp DNA Mini and Blood Mini kits (Qiagen, Valencia
CA) were used to extract the viral RNA from the inoculated cell culture samples.
The spin protocol accompanying the kits was followed with minor changes. The
amount of ethanol used was increased from 200 µl to 230 µl increasing the
amount of the sample added to the spin columns to 650 µl. Also, the amount of
elution buffer was decreased from 200 µl to 60 µl while the incubation time was
increased from 1 minute to 5 minutes. The final elution containing the RNA was
immediately used in qPCR then frozen at -20°C for storage.
H. Quantitative PCR (qPCR)

For the detection of PV-1 nucleic acid, TaqMan® Fast Virus 1-Step Master
Mix was used (Life Technologies).The Master Mix (MM) includes: AmpliTaq®
Fast DNA Polymerase, UP, Thermostable MMLV Reverse Transcriptase, dNTPs,
RNase Inhibitor, and ROX™ dye, which is used as a passive reference. (Life
Technologies). Panenterovirus primers and probes attained from Applied
Biosystems/Life Technologies were used to target the highly conserved 5’ region
universal to enteroviruses (Table 1). The probe was labeled with FAM as a
reporter dye and TAMRA as a quencher dye. The primers and probes were
added to the master mix, which was thoroughly mixed, and stored at 4°C until
use.
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Table 1. Panenterovirus amplicon and probe set supplied by Applied
Biosystems/Life Technologies targeting highly conserved 197 bp 5’UTR.
Target Sequence

Nucleotide
Position

Forward

5’-CCTCCGGCCCCTGAATG-3’

444-460

5’-ACCGGATGGCCAATCCAA-3’

638-671

5’-6FAM-TACTTTGGGTGTCCGTGTTTC-TAMRA-3’

542-562

Primer
Reverse
Primer
Probe

To perform the assay, 15 µl of the prepared MM, primers, and probes
were added to separate reaction wells of a 96 well plate (ABgene PCR Plate,
Thermo Fisher Scientific). Each well to be tested received 5 µl of a final eluted
product from the RNA extraction procedure. The plates were sealed with Clear
Seal Diamond heat sealing film (Thermo Fisher Scientific) prior to placement in
an ABI Prism 7700 quantitative real time PCR thermocycler.
The PCR was initiated at 48°C for 45 minutes, followed by 95°C for 10
minutes. Following these stages, the reaction continued at 94°C for 15 seconds,
followed by 55°C for one minute for forty cycles. IF enterovirus nucleic acid was
present, fluorescence was detected after each cycle to determine a cycle
threshold (Ct) value. Molecular grade water was used as a negative control;
while 5 µl of 107 PFU/ml PV-1 (added without extracting RNA) was used a
positive control.
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I. Quality Control

Cell Culture
After preparation, MEM was incubated at 37°C for 24 hours to verify the
media was free from contamination. All reagents were documented upon arrival
in the laboratory along with any reagent preparation or manipulation required.
BGM stocks were checked frequently for any potential contamination and
immediately discarded if any CPE emerged. Cell passaging was recorded along
with the date of the passage.

Plaque Assay and Virus Enumeration
PBS was used as a negative control, which produced no plaques in valid
plaque assays. Plates containing negative controls which returned any sign of
plaques were discarded and not used for the determination of the virus
concentration in the PV-1 stocks. Positive control wells were inoculated with 105
PFU/ml, which typically resulted in the well having complete cell death, noted as
being “plaqued out” or “PO”, within 2-3 days. Concentrations of virus around 103
PFU were also used to show the development of individual plaques, however,
these were not counted as they were too numerous to be statistically relevant.
Plaque assays were performed intermittently throughout experimentation
to verify viral concentration and the ability to replicate did not decrease over time.
Each aliquot was only thawed once prior to disposal to reduce the potential for
decreased virulence from successive freeze-thaw cycles.
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Virus Replication
To confirm the ability of the virus aliquots to replicate successfully in
suspension cultures used for the development of the protocol, suspension
cultures were inoculated with PV-1, and incubated at 37°C for 8 hour intervals,
prior to being frozen at -70°C.
BGM cells were grown to confluency in 6-well plates. The inoculated
suspensions were thawed and seeded with 100 µl of 1, 10, or 100 PFU/ml of PV1. Following seeding, 100 µl of a single sample was inoculated into individual
wells. Negative controls consisted of sterile PBS being added to wells, while a
positive control contained 100 µl of 107 PFU/ml PV-1 added directly to a well.
Plates were returned to an incubator kept at 37°C with 5% CO2 and checked for
visual CPE using inversion light microscopy (Figure 4).

43

Plate 1

Plate 3

Plate 2
8h
16h
24h
32h

8h
16h
24h
32h
40h

70°C

70°C

1
PFU/
ml

4
tubes

8h
16h
24h
32h
40h
48h

10
PFU/
ml
6
tubes

5
tubes

37°
C

100
PFU/
ml

37°
C

70°
C

37°
C
Thaw

Inoculate 6-well plates with 100 µl of suspension samples and controls

8h

32h

16h

Positive
Control

24h

Negative
Control

8h

16h

24h

32h

40h

Negative
Control

Plate 2

Plate 1

8h

16h

24h

32h

40h

48h

Plate 3
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Figure 4. Procedure for checking viral replication within suspension cultures
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qPCR Thermocycler Standardized Ct Values
Frozen aliquots of PV-1 were thawed and 10-fold serial dilutions
performed from 107 PFU/ml to 1 PFU/ml. To reduce bias, three individual aliquots
were selected at random. RNA was extracted and detected using the protocols
described previously. The Ct values of the dilutions were compared based on
virus concentration and originating aliquot.

qPCR Inhibition
A negative result was a sample which had been inoculated with virus, yet
returned no Ct value after following any of the ICC/qPCR protocols. To verify the
results were not due to inhibitory substances in the sample, extractions were
performed by combining PV-1 aliquots and suspension culture samples in a 1:1
ratio. Prior to combining the cultures with the aliquots the samples used did not
have detectable enterovirus nucleic acid using the suspension ICC/qPCR
protocol. The Ct values were compared to the standardized values obtained from
the direct PV-1 extractions and qPCR results.

qPCR Thermocycler Bias
To ensure the protocol developed would be reproducible in other
laboratories, samples were tested simultaneously on the ABI Prism 7700
quantitative real time PCR thermocycler and an Mx3000P qPCR System (Agilent
Technologies, Santa Clara CA).
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BGMK Cell Counts
During the incubation period, it was necessary to determine if the
concentration of the suspension BGM cells increased after inoculation with PV-1
or seeded water samples. Therefore, prior to freezing for storage, suspension
cultures were mixed and 100 µl of the BGM and virus samples was removed and
mixed with 400 µl of 0.4% trypan blue (Amresco, Solon OH). From this mixture,
cells were counted using a hemocytometer and using the equation found in
Appendix C the concentration of the BGM cells in the samples after incubation
was determined and compared to the initial concentration.

Statistical Analysis
For statistical analysis and the generation of tables and graphs, the
software IMB SPSS Statistics (Version 21) was used.
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CHAPTER 3

RESULTS

The analysis of the results had the primary goal of optimizing the
suspension ICC/qPCR protocol to find the incubation time of cell culture post
infection necessary in relation to initial virus concentrations to detect
enteroviruses in surface waters. To achieve this goal viral stocks had to be
enumerated precisely and accurately. Following enumeration, the aliquotted
stocks were used to inoculate monolayer and suspension cultures in varying
concentrations, which were then incubated over different time periods to
determine minimum incubation period to detect viral nucleic acid via qPCR. Other
factors, such as BGM cell concentrations, effectiveness in surface waters, and
reproducibility were also examined to determine the success of the optimized
protocol.
To determine the PV-1 concentration in aliquotted stocks, enumeration
was completed by using the neutral red plaque assay. By completing this assay
using single aliquots, taken individually over time, it was possible to determine
whether the aliquots had statistically significant differences in PV-1
concentrations. After counting the plaques, the equation in Appendix B was used
to find the PFU/ml of the undiluted aliquots. The mean PFU/ml of 3 x 108 was
determined with high confidence due to the lack of statistically relevant
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differences by the date of the assay completed (Figure 6). The assay was
repeated throughout experimentation to determine if there was a significant
change in the PFU/ml in the aliquots over the span of the entire project and
compiled graphically using the means of the PFU/ml, demonstrating the lack of
statistical differences (Figure 6). The effect of diluting the aliquots was taken into
account, by separating the results by dilution of the viral lysate used to inoculate
cells (Figure 7). There were no significant differences in enumerating the PV-1
stocks when considering the dilution used, which meant dilutions could be used
with confidence in the optimization of the suspension ICC/qPCR protocol to
determine ideal incubation time as a function of initial virus concentrations used
to infect cells.
The effect of viral replication based on removing BGM cell debris from
lysates was determined by comparing enumeration results from plaque assays.
The analysis concluded there was no significant difference on enumeration of the
PV-1 stock dependent on the presence or absence of BGM cell debris (Figure 8).
An independent sample T-test confirmed the lack of statistical difference based
on a p-value of .267. Therefore, the presence of cell debris in viral lysates did not
hinder viral replication. By comparing the individual analyses it was concluded
the enumeration of the stocks was not dependent on the aliquot used, on any
given date they would contain the same amount of virus. In addition, enumeration
was not dependent on dilution or BGM cell debris present in the lysate.
Figure 9 demonstrates the effect of incubation time on Ct values in 40 ml
suspension cultures inoculated with varying concentrations of PV-1 incubated for
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24 hour intervals. An adjusted R2 was used due to the variability of the number of
samples compared per PV-1 inoculation, as two trials were performed with the
104 PFU/ml incubation, versus single efforts for the other viral concentrations.
The only sample to return a Ct value at time 0 (T= 0) was the high viral
concentration of 106 PFU/ml, indicating the starting concentration was higher
than the limit of detection. The adjusted R2 value of .742 indicates there was a
relatively strong influence on Ct values dependent on the time of incubation.
However, the lack of continued decreases in Ct values after 24-48 hours was not
expected, therefore, the ICC/qPCR protocol was tested on monolayers to
determine if the same effect was dependent on the type of cell culture used.
A similar graph was produced for monolayers inoculated with 1 ml of PV-1
incubated for 24 hour time intervals. The adjusted R2 of .820 indicates a strong
effect by incubation times on Ct values (Figure 10). In both graphs the Ct values
stop decreasing over time and began to level quickly, between 24-48 hours. Due
to the failure of Ct values to continue dropping significantly in both the
suspension and monolayer cultures, additional trials were not performed. The
lack of change in Ct values indicates virus concentrations were not increasing,
leading to verification the virus was replicating in cells, checking of inhibition of
PCR, and reduction of incubation times.
In order to examine why Ct values stopped decreasing over time, 8 hour
incubation intervals were substitute for the original 24 hours incubation intervals,
ending at 48 hour hours due to the lack of changes seen in both monolayers and
suspensions after this time. Figure 11 shows the linear relationship of Ct values
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over time in monolayers inoculated with 100 µl of varying concentrations of PV-1
inoculum by an R2 value of .566, indicating some correlation of incubation time
and Ct values. ANOVAs were performed which showed significant differences
over time in a starting inoculation of 100 PFU/ml. The lower viral concentrations
did not differ over time, as the p-values returned by ANOVAs were greater than
.05. In addition, these concentrations did not return Ct values as reliably as 100
PFU/ml as seen by the larger error bars and the lack of a result for 16 hour
incubations in 3 samples inoculated with starting concentrations of 10 PFU/ml
(Figure 11). A post-hoc Tukey Test was performed on the Ct values for the 100
PFU/ml samples which showed Ct values had no significant difference after 24
hours at a 99% confidence level. Therefore, no appreciable increases in viral
nucleic acid was detected by incubating samples for more than one day.
Similar experimentation was conducted with suspension cultures, using 8
hour incubation intervals and 100 µl of the 1, 10, and 100 PFU/ml of PV-1
inoculated into 5 ml of BGM cells and media. The linear relationship of Ct values
over time in the suspension cultures was determined by an adjusted R2 value of
.518 (Figure 12), which is similar to the value found in monolayers (Figure 11).
An ANOVA was performed which showed significant differences over time in a
starting inoculation of 100 PFU/ml (Table 16). As was the case in the
monolayers, the lower viral concentrations did not differ over time determined by
ANOVAs with p-values greater than .05. A post-hoc Tukey Test was performed
on the Ct values for the 100 PFU/ml samples, which showed that Ct values had
no significant difference after 24 hours at a 99% confidence level.
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The effect BGM cell concentration had on Ct values was analyzed by
changing starting cultures to contain 105, 106, or 107 total BGM cells. These
samples containing varying concentrations of cells were inoculated with 100
PFU/ml of PV-1 and incubated for 8 hour time periods. The linearity of Ct values
over time in the varying BGM concentrations was graphed with an R2 value of
.651 (Figure 13). An ANOVA determined significant differences over time in BGM
cell concentrations of 106 indicated by a p-value of .027 which is less than .05 (at
a 95% confidence level) and 107 denoted by a p-value of .000 (at a 99%
confidence level). A Tukey test of BGM cell concentrations of 107 showed no
statistically significant changes in Ct values after 16 hours. Looking at individual
Mean Ct values at individual incubation intervals dependent on BGM cell
concentration, Ct values are typically lowest in 106 cells (Figure 13).
Individual results suggested little difference between suspension and
monolayer cultures, therefore, the dependence of Ct value based on the type of
cell culture used was analyzed. By performing an ANOVA a p-value of .977
proved no difference in Ct values whether monolayer or suspension cultures
were used (Figure 14). Error bars represent 95% confidence intervals and
overlap on the graph, giving a visual representation of the lack of difference
(Figure 14). Over time the error bars become smaller, which represents the
higher precision and reproducibility over time.
Surface waters were obtained, and evaluated to determine the suspension
ICC/qPCR was reproducible in detecting enteroviruses in waters. The surface
waters were free of enteroviruses contamination as determined by the current
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protocol in use in the Margolin laboratory. First, plaque assays of the surface
waters seeded with PV-1 were performed to ensure correct enumeration of the
viral concentration (Figure 15). An ANOVA was performed to determine no
differences existed in the mean PFU/ml in one seeded location versus another.
The p-value of .248 proved there were no statistically relevant differences,
therefore the mean enumeration of all plaque assays of 108 PFU/ml was used in
determining concentrations of virus to use for testing the suspension ICC/qPCR
protocol.
The seeded surface water samples were used for inoculation of
suspension culture samples returning similar results as the inoculations using
PV-1 stock (Figure 16). The R2 value of suspension cultures seeded with 100
PFU/ml of PV-1 stock was .719 (not shown), whereas the R2 value of the seeded
samples was .825, both indicating a strong correlation of time incubated and Ct
value. When analyzing the dependence of Ct values dependent on the sample,
the resultant p-value of .084 indicates no significance at a 99% confidence level,
as the p-value is greater than .01. The effect of location and time of incubation
had no significance when combined (p-value .960), therefore the greatest effect
on Ct value was incubation time (p-value .000). A post-hock Tukey Test
determines the Ct values have no statistical difference after 32 hours, indicating
no increases in viral nucleic acid after this time.
The PV-1 stocks were checked using visual cytopathic changes in CPE to
determine the virus was replicating in cell culture. The images in Figure 17 show
successful replication of 100 PFU/ml after 48 hours (bottom image) as
demonstrated by rounding and detachment of infected BGM cells from the wells.
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The top image demonstrates a confluent monolayer of cells. The method for
using suspension cultures to inoculate monolayers to check viral replication is
summarized in Figure 4 in the Methodology chapter. These cells were infected
with 1 PFU/ml, but had no visual CPE after a 48 hour incubation period. Table 3
describes the appearance of CPE, if present, and varying degrees of detachment
of cells from the cultureware. Near complete detachment of all cells occurred in
monolayers inoculated with suspension cultures containing 100 PFU/ml with 24
hours, regardless of how long the original suspension culture incubated prior to
incubation into monolayers. Lower inoculations did show CPE, increasing over
time, especially in samples with higher concentrations of virus (10 PFU/ml versus
1 PFU/ml).
Standards Ct values compared to PFU/ml were determined by doing direct
qPCR of serially diluted aliquots of PV-1. No viral nucleic acid was detected in
concentrations less than 105 PFU/ml. Precision of Ct values increased as virus
concentrations increase (Figure 18). The mean Ct value of 105 PFU/ml was 34.4
(95% CI 22.47 to 46.36), the mean Ct of 106 PFU/ml was 21.17 (95% CI 20.26 to
22.07), while the mean of 107 PFU/ml was 18.10 (95% CI 17.73 to 18.46). These
values allow for the determination of viral nucleic acid in water samples. For
example, Ct values typically stopped decreasing around 18-20, indicating virus
stopped replicating between 106 and 107 PFU/ml in ICC/qPCR samples.
Inhibition of qPCR was evaluated by comparing the Ct values of PV-1
stocks compared to samples containing a 1:1 ratio of PV-1 stock and cells in
suspension which had previously tested negative for enterovirus nucleic acid
(Figure 19). An independent samples T-test determined there was no difference
between the mixed samples and the PV-1 stock, indicating there was no
interference of qPCR materials contained within suspension cultures. It was next
determined whether the Ct values obtained from suspension cultures would be
reproducible in a different laboratory on a different qPCR machine. An
independent samples T-test returned a p-value of .408 proving no difference was
obtained in Ct values using varying machines.
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The lack of changes in cell concentration in suspension cultures was
determined by counting cells prior to freezing cultures. The cell counts were
graphed over time (Figure 20). An ANOVA was performed, and the p-value of
.539 suggests no difference in cell concentrations counted in samples over time.
Therefore, the mean concentration of cells in the suspension cultures was 10 6
total cells.
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A. Poliovirus 1 Stock Enumeration

Table 2. Dates of plaque assays performed for PV-1 stock enumeration. Each
individual well in a 6-well plate was counted individually. Negative and positive
controls did not contribute to the total wells counted. The presence or absence of
cell debris is noted.
Total 10-6
Dilution

Total 10-7
Dilution

Presence of
Cell Debris

3/13/13

Total (N)
Counted
wells
25

7

18

Yes

3/18/13

8

3

5

Yes

3/25/13

44

18

26

Yes

4/26/13

29

13

16

5/10/13

64

24

40

16 Yes
13 No
No

5/15/13

6

6

0

Yes

5/16/13

29

23

6

Yes

11/08/13

14

7

7

No

5/21/14

28

14

14

No

Total

247

115

132

Assay
Date
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Figure 5. Neutral red plaque assay using open 6-well plate system. Top row is
inoculated with 10-6 dilution, while bottom row is inoculated with 10-7 serial
dilutions of PV-1. Overview of typical results seen and counted.
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Figure 6. Graphical representation of the means of PFU/mL versus date neutral
red plaque assay completed. Bars represent the standard error of the means.
Every date used a different aliquot, in so doing determining if randomly chosen
PV-1 samples contained the same concentration of virus. The total mean was
determined to be 3 x 108. An ANOVA of the means dependent on the date of the
plaque assay resulted in a p-value of .005, leading to the completion of a Tukey
test to determine if any of the means were significantly different from each other.
Since no p-value was over .05 there was no significant difference in any of the
means by the date the assay was completed. This verifies that on any given day
any aliquot could be selected with no significant difference in viral concentration
from the enumerated value of 3 x 108.
57

Figure 7. Mean PFU/ml compared by dilution of PV-1 used for inoculation in
neutral red plaque assays with error bars representing the standard error of the
mean. The mean of the samples serially diluted by a factor of 6 was 2.9 x 10 8,
while the mean of the samples serially diluted by a factor of 7 was 3.27 x 108. An
independent samples T-test resulted in a p-value of .146, indicating no
statistically significant differences of the means. This enabled confidence
performing serial dilutions on the aliquots would maintain the desired
concentration of virus.
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B. Effect of BGM Cell Debris on Viral Replication and Enumeration

Figure 8. Mean of the PFU/ml compared when BGM cell debris was present or
removed from the lysate prior to inoculation of the monolayers. The error bars
represent the standard error of the means. An independent T-test to determine
the equality of the means resulted in a p-value of .267, indicating no significant
difference whether there was cell debris present or absent in the viral lysate.
Therefore, the presence of cell debris did not cause a significant reduction in viral
replication while performing plaque assays.

59

C. Optimization of the ICC/qPCR Protocol

24 Hour Incubation Intervals

PFU/ml
 1 PFU/ml
 103 PFU/ml
 104 PFU/ml
 106 PFU/ml

R2 (Adjusted) = .742

Figure 9. Ct values for 40 ml suspension cultures inoculated with varying initial
PV-1 PFU/ml. Samples were frozen every 24 hours for a total of 144 hours (6
days). Lines are interpolated through times which did not return detectable
values. The R2 value .742 is adjusted due to the differences in predictors (single
trials for 1, 103, and 106 PFU/ml). Each point on the graph indicates a single trial,
except 104 PFU/ml which was completed twice, and therefore includes error bars
for the error of the mean. After 24-48 hours there was no substantial difference in
Ct values, indicating no increase of nucleic acid target with longer incubation
period.
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PFU/ml
 1 PFU/ml
 10 PFU/ml
 100 PFU/ml

Adjusted R2 = .820

Figure 10. Ct values for 25cm2 cell culture flasks inoculated with 1 ml of varying
initial PV-1 PFU/ml. Samples were frozen every 24 hours for a total of 168 hours
(7 days). Lines are interpolated through times which did not return detectable
values. No substantial difference in Ct values noticed after 24-48 hours,
indicating longer incubation periods was not resulting in higher concentration of
virus in the samples. Additionally, after 72 hours, the Ct values had no noticeable
difference, regardless of the initial concentration of the viral inoculum.
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8 Hour Incubation Intervals

PFU/ml
 1 PFU/ml
 10 PFU/ml
 100 PFU/ml

Adjusted R2 = .556

Figure 11. Cycle threshold means over time in 25cm2 monolayers based on initial
PV-1 concentration over time. Samples were frozen every 8 hours for a total of
48 hours. Lines are interpolated through missing points due to no virus detected
in samples. The standard error of the means are presented. Experimentation was
performed a minimum of 3 times for each time period. In samples containing
initial viral concentrations of 100 PFU/ml the Ct values dropped significantly until
an incubation time of 24 hours. In samples with initial virus concentrations of 1
PFU/ml or 10 PFU/ml there were no significant differences in Ct values.
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PFU/ml
 1 PFU/ml
 10 PFU/ml
 100 PFU/ml

Adjusted R2 = .518

Figure 12. Linear display of cycle threshold means over time in suspension
cultures based on initial PV-1 concentration over time. Samples were frozen
every 8 hours for a total of 48 hours. Lines are interpolated through missing
points. The standard error of the means are presented. Experimentation was
performed a minimum of 3 times for each time period. In samples containing
initial viral concentrations of 100 PFU/ml the Ct values dropped significantly until
an incubation time of 24 hours. In samples with initial virus concentrations of 1
PFU/ml or 10 PFU/ml there were no significant differences in Ct values.
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BGM
Concentration
 105
 106
 107

Adjusted R2 = .623

Figure 13. Cycle threshold means over time in suspension cultures with varying
initial concentrations of BGM cells inoculated with 100 PFU/ml of PV-1. Samples
were frozen every 8 hours for a total of 48 hours. Differences in Ct values over
time were noted in BGM concentrations of 107, with significant changes in Ct
values being occurring during the first 8 hours of incubation at a 95% confidence
level. P-values less than .2 occurred when comparing Ct values prior to 24 hours.
This suggests more changes occurring over time in higher cell concentrations.
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Cell Culture
 Monolayer
 Suspension

Adjusted R2 = .822

Figure 14. Comparison of Ct values over time in monolayer cultures versus
suspension cultures inoculated with 100 PFU/ml in 5 ml, resulting in a total of 20
PFU total. Error bars represent 95% confidence intervals. A p-value of .977 was
obtained by performing an ANOVA, indicating no difference whether a monolayer
or suspension culture was used to propagate virus.
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Seeded Samples

Figure 15. Mean PFU/ml in four separate surface water samples determined by
neutral red plaque assays. The error bars represent the standard error of the
means. An ANOVA was successfully performed to verify there were no
statistically significant differences in concentrations of virus in the seeded water
samples.
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 Raw Lake
Water
 Treated
Wastewater
 Raw Surface
Water
 Finished
Drinking Water

R2 = .825

Figure 16. Linear display of Ct values over time in seeded surface water samples
inoculated with 100 PFU/ml of PV-1. The R2 value was not adjusted as the
number of predictors was the same in all locations tested. The source of the
water sample had no effect on Ct values. Significant differences occurred over
time until 32 hours of incubation.
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D. Quality Control

Figure 17. Top Confluent BGMK Cells Infected with 1 PFU/mL Poliovirus
observed after 48 Hours Incubation. BGMK cells infected with 100 PFU/mL
poliovirus observed after 48 hours incubation showing rounding and detachment.
The confluent monolayer in the top image suggests cells are not infected, or are
not yet showing CPE. The bottom image shows a higher concentration of virus
resulted in detachment from the cultureware, rounding, and vacuole formation.
The appearance of CPE in the bottom photo indicates the virus was replicating
successfully in cell culture.

68

69

48h
Sample
Pos
Control
Neg
Control
-

Rounding

-

Some
vacuoles &
rounding

32h
Sample

++

+++

Some
rounding

24h
Sample

+ (rounding)

+ (rounding)

++

Few CPE

16h
Sample

40h
Sample

-

8h
Sample

- (detach
from
overgrowth)

+++ (debris)

vacuoles &
rounding

++

Some
vacuoles &
rounding

Some
vacuoles &
rounding

-

++

++

-

+

-

-

+++

+++

+
(rounding)

++

+

120 hour
6-well
plate

- (detach
from
overgrowth)

++ +1/2
(debris &
rounding

++ +1/2
(debris &
rounding

+++

++ (debris)

+

168 hour 6well plate

48 hour
6-well
plate

168 hour 6well plate

48 hour 6well plate

120 hour 6well plate

10 PFU/mL Initial Suspension
Inoculation

1 PFU/mL Initial Suspension Inoculation

++

++

++

++

++

++

48 hour
6-well
plate

+++

+++

+++

+++

+++

+++

120 hour
6-well
plate

+++1/2

+++1/2

+++1/2

+++1/2

+++1/2

+++1/2

168 hour
6-well
plate

100 PFU/mL Initial Suspension
Inoculation

Table 25. Inoculation of 6 well plates with thawed suspension samples to check for viral replication via CPE. Increases in CPE in higher virus
concentrations and over time indicate successful viral replication within cell culture.

Figure 18. Distribution of Ct values of known concentrations of PV-1 to create
standards and determine the limit of detection. Concentrations of 10 4 PFU/ml and
less were not detected. The limit of detection demonstrates regardless of the
initial concentration of the virus inoculation, replication must be allowed to occur
in cells until there is a minimum of 105 PFU/ml prior to detection. Detection
becomes more precise with 106 PFU/ml, with no statistically significant difference
in Ct values between 106 and 107 PFU/ml.
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Figure 19. Checking for inhibition of viral detection in suspension samples by
comparing mean Ct values of PV-1 stock used for making standardized Ct values
versus a mixed sample made in a 1:1 ratio of the stock virus and suspension
samples which returned no detectable virus in earlier testing. No significant
differences were noted comparing the mixed samples to the standards, indicating
there was no inhibition of qPCR due to the contents of the suspension cultures.
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Figure 19. Ct values of the same extractions on two different qPCR machines run
simultaneously. No significant difference was determined dependent on the
qPCR machine used, indicating the detection of enteroviruses using the
suspension ICC/qPCR protocol was not able to be performed in other
laboratories.
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Figure 21. Mean BGM Cell counts versus time incubated in suspension cultures.
The error bars represent the standard error of the mean. No significant change in
mean of BGM cells occurred over time, therefore, the ability to detect
enteroviruses in short time periods in suspension cultures was not due to
increases in BGM cell replication.
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CHAPTER 4

DISCUSSION

A. Poliovirus 1 Stock Propagation and Enumeration
All experiments utilizing mammalian cells were performed in BGM cells
due to their susceptibility to enteroviruses (Balking and Margolin, 2010). The
successful initial propagation of poliovirus was indicated by the presence of CPE
as observed under an inverted light microscope. Creation of aliquots followed
propagation. These were maintained at -70°C; a temperature considered suitable
for storage of enteroviruses (EPA, 2012). Loss of virus and infectivity has been
shown after repeated freeze-thaw cycles (Furhman et al., 2005) (EPA, 2012).
Therefore, all aliquots were used once before being discarded.
In order to optimize the suspension ICC/qPCR protocol, it was imperative
that every aliquot used contain no statistically significant difference in the
concentration of virus. Consequently, great emphasis was placed on
enumerating the PV-1 stocks. Neutral Red plaque assays were performed nine
separate times using a different aliquot each time. The mean calculated using the
equation in Appendix B was 3 x 108 PFU/ml. This figure does not include the 10fold dilution used to create the aliquots, therefore, each aliquot contained 3 x 107
PFU/ml. As expected, the greatest variability in the standard error of the mean
occurred during days which had fewer numbers of samples tested.
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To conclude if there was a difference in the viral titer of the PV-1 stock
based on the assay date, an ANOVA was performed which returned a p-value of
.005. Due to the low p-value, a post-hoc Tukey test was completed as a pairwise
comparison to compare the mean PFU/ml of each date versus the mean PFU/ml
of the other dates. After performing the Tukey test, it was evident no difference
exists. The largest statistical differences occurred between the assay dates April
26, 2013 and May 21, 2014. These differences between these two dates resulted
in a p-value of .034, which is still not statistically significant at a confidence level
of 99%. It was concluded the day the assay was performed had no effect on the
determination of the PV-1 titer.
As altered concentrations of PV-1 would be used to inoculate cells, the
effect of using serial dilutions was determined by comparing the two dilutions
which consistently returned plaques able to be individually distinguished and
counted. The mean PFU/ml was compared using an independent samples T-test
that resulted in a p-value of .146. As the p-value was greater than .01, the serial
dilutions did not cause statistically significant difference in PFU/ml. Therefore,
dilutions could be trusted to be precise.
A two-factor ANOVA was conducted to determine if the date the assay
was performed had a similar effect to that of the dilution used. A generalized
linear model affirmed neither factor had a statistically significant effect on the
mean PV-1 titer as determined by plaque assays. Furthermore, there was no
statistically significant effect when the two elements were combined as
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determined by the p-value of .643 and an adjusted R2 value of .051. An adjusted
R2 value was used due to the variability in the number of samples in the groups.
Analyzing various effects on the enumeration of the PV-1 stocks ensured
the virus concentration in all stored aliquots had no significant differences.
Optimization of the suspension ICC/qPCR was predicated on the inoculation
concentrations being statistically precise, therefore, heavy emphasis was placed
on enumeration of the stocks.
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B. Effect of BGM Cell Debris on PV-1 Viral Replication

Low speed centrifugation is used to remove cell debris after initial viral
propagation to reduce inhibition of replication. Given one of the goals of
optimizing suspension ICC/qPCR protocol is to reduce the time required for
detection of enteroviruses, an evaluation for the need of cell debris removal was
completed. Plaque assays were done using viral lysates which contained cell
debris, contrasted with lysates which had debris removed. The resulting p-value
of the independent T-test of .267 indicates there is no significant difference in the
mean PFU/ml based on the presence or absence of BGM cell debris. In addition,
the lack of any significant difference whether cellular debris is present or absent
indicates the presence of the cell debris does not inhibit viral replication.
When the combined effects of the presence or absence of BGM debris,
assay date, and the dilution used are obtained using a regression analysis the
resulting R2 value of .025 suggests no significant influence on enumeration. It
can therefore be inferred the centrifugation step to remove cell debris after viral
propagation can be eliminated from future experiments.
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C. Optimization of the ICC/qPCR Protocol

24 Hour Incubation Intervals

Initially, 24 hour incubation periods were used after inoculating suspension
cultures containing a total of 40ml of cells, media, and viral lysate. The adjusted
R2 value of .742 shows there is a linear relationship between the incubation time
and the Ct value. This implies that the longer the samples incubated, the lower
the Ct values, due to the inverse relationship with the concentration of nucleic
acid targets. The adjusted R2 value of .742 suggests a correlation of incubation
time and Ct values, however, over time the Ct values began to plateau. This
typically occurred after 48 hours of incubation. These results were in contrast to
the original hypothesis which suggested Ct values would continue to decrease
over time.
The leveling of Ct values prompted testing the ICC/qPCR method in
monolayers to determine if this same plateauing effect would be observed. The
monolayers inoculated for 24 hour incubation periods showed a similar pattern as
the suspension cultures as the Ct values stopped decreasing significantly after
24-48 hours of incubation, though there was a correlation between incubation
time and Ct values as shown by the adjusted R2 value of .820. This was similar to
the observations noted in suspension cultures. Further testing of the ICC/qPCR
protocol using 24 hour intervals was halted to investigate why the Ct values were
not decreasing. Therefore, the concentrations used in 24 hour incubation
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intervals were tested once, with the exception of 104 PFU/ml in suspension
cultures.
These results are consistent with those seen in an investigation examining
the use of ICC/qPCR for the detection of adenovirus in human sludge (Rodriguez
et al., 2013). In the adenovirus study, Ct values remained constant after 3-5 days
post incubation. Adenovirus replicates slower than many other viruses, which is
likely why the PV-1 values plateaued 24 hours earlier.
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8 Hour Incubation Intervals
From the initial experimentation with the suspension cultures and
monolayers it was determined the incubation period intervals of 24 hours were
too prolonged to detect early changes in Ct values because the replication cycle
for PV-1 is about 6-8 hours (Ren, 1992). Therefore, it was decided to observe the
Ct values in both monolayers and suspension cultures using 8 hour incubation
periods (up to a total of 48 hours). In addition, the total volumes of the cultures
used were decreased, thereby decreasing the amount of materials needed.
Monolayers in T-25cm2 were inoculated with 100µl of either 1, 10, or 100
PFU/ml PV-1 added to a total of 5ml of BGM cells and MEM supplemented with
2% FBS (corresponding to a final viral titer of 0.2, 2, or 20 PFU/ml respectively).
A Pearson’s correlation showed a relationship between Ct values and time of
incubation. There was also an association between starting PFU/ml and Ct
values. Because a correlation was found, an analysis of variance (ANOVA) was
performed on the varying initial PFU/ml to ascertain if there were statistically
significant differences in Ct values depending on the length of time incubated.
This test indicated only the samples inoculated with the 100 PFU/ml dilution (a
final viral concentration of 20 PFU/ml in the sample) had differences based on
the time incubated, as shown by a p-value of .000. Within these samples, a
Tukey test revealed Ct values decreased with statistical significance for 24 hours.
This 24 hour time period would allow for approximately 4 replication cycles (Ren,
1992) using a conservative estimate of 8 hours required for replication. If
poliovirus doubled during each of these replication cycles this would result in 3 x
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106 PFU after the 4 cycles. Because the Ct values no longer decrease with
statistical significance after this time, it was theorized all BGM cells were
infected, thereby resulting in the plateauing effect seen after 24 hours. This
theory would also explain why the Ct values stopped decreasing during early
experimentation using 24 hour incubation intervals.
During initial publications of the ICC/PCR method, it was noted one of the
main benefits is rapid detection. A publication from 1996 notes detection of PV-1
was possible after 24 hours (Reynolds et al., 1996). It therefore came as no
surprise that PV-1 was consistently detected by 24 hours using starting
concentrations of 10 and 100 PFU/ml (2 and 20 PFU total, respectively). Another
study compared the use of ICC/PCR versus traditional cell culture and found
detection to be reliable in 2 days in the ICC/PCR method as opposed to 14 days
necessary in cell culture (Blackmer et al., 2000).
After testing the ICC/qPCR protocol in monolayers similar methodology
was used in suspension cultures. As in monolayers, changes in Ct values over
time were significant in cultures inoculated with 100 µl of 100 PFU/ml into a 5ml
mixture of cells and media (for a final concentration of 20 PFU) as shown by a pvalue of .000 obtained using an ANOVA. Performing a Tukey test suggests no
significant changes occur after 24 hours at a 99% confidence level. The theory
that the incubation time allowed for complete infection of all cells in the sample is
supported in suspension cultures, similar to monolayer cultures.
Theoretically, increasing the beginning viral concentration would result in
earlier detection, however, enteroviruses are usually present in low titers in
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environmental sources. Many other studies use sample seeding to determine the
functionality of detection methods. Often the concentrations used for seeding are
higher than what is likely to be found in environmental samples (Fuhrman et al.,
2005). Due to the typically low concentration of virus in environmental water, the
optimization of the suspension protocol concluded using 20 PFU total in 5 ml
suspension cultures is optimal for rapid, consistent detection, while maintaining a
viral concentration which may be present in samples contaminated with
enterovirus.
The function of BGM cell concentration on the suspension ICC/qPCR
protocol was determined as another potential factor influencing optimization.
Suspension cell cultures were adjusted to contain either 105, 106, or 107 total
BGM cells suspended in 5 ml of media. The cultures were inoculated with 100 µl
of 100 PFU/ml resulting in a final concentration of 20 PFU. Carrying out an
ANOVA demonstrated a statistically significant difference in Ct values at a
confidence level of 99% in 107 total BGM cells in 5 ml of MEM over time. At a
95% confidence level there is a statistically significant change in Ct values as a
function of time in 106 total BGM cells in suspension. The T-25cm2 monolayer
flasks used to obtain the cells for suspensions are estimated to contain about 2.5
x 106 cells (Corning, 2005). As a result, the lack of statistical difference in Ct
values in BGM cell concentrations of 106 is potentially due to all cells being
infected with PV-1, stopping an increase of viral nucleic acid (Figure 22).
By combining the information collected on time incubated post infection,
initial virus titer, BGM cell concentration, and the effect on Ct values, it can be
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determined the optimal starting concentration for detecting enterovirus was
proven to be a minimum of 20 PFU in 5 ml of MEM containing 10 7 BGM cells
incubated for 24 hours.
A comparison between the effect of using monolayers or cells in
suspension was performed to determine if one method was superior to the other
for detecting enteroviruses using ICC/qPCR. There was no statistically significant
difference in Ct values based on cell preparations as seen by the p-value of .977
calculated via a regression analysis. The expected result was suspension
cultures would have lower Ct values than monolayers because cells in
suspension would have more viral receptors exposed allowing more viruses to
enter cells, thus increasing replication and nucleic acid targets. However, no
difference was seen in viral yield or detection time, which is similar to results
reported by Goldstein et al. (1982). However, the reduced costs of polypropylene
tubes in comparison to specialized cell culture flasks, the reduced potential for
contamination, and the reduction in labor demands make the suspension culture
an ideal substitute for monolayer ICC/qPCR protocols.
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Figure 22. Schematic representing theorized PV-1 replication over time along
with the theorized limit of detection of a qPCR machine in detecting enterovirus.
Per this schematic it is possible to visualize the requirement for 24 hours of
incubation post-infection prior to detecting enterovirus with qPCR.
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Seeded Samples

The four seeded samples varied in type of surface water, location
sampled, and two were treated, while the other two were “raw”. As different
locations may contain different inhibitors to viral replication in cells when testing
for enteroviruses, it was important to determine how the optimized protocol would
work in authentic surface water samples which were evaluated for enterovirus
contamination. The surface water samples inoculated into suspension cultures
returned similar results as the cells seeded with PV-1. Statistically significant
differences in Ct values continued longer in the seeded environmental waters
than in cells seeded with PV-1 aliquots. This is most likely due to the presence of
inhibiting materials. The Ct values plateaued after 32 hours, shown by no
significant differences in Ct values, though detection was possible at earlier
times.
The rationale for waiting until there is no change in Ct values is for the
consistency of detection when all cells are infected. Additionally, by allowing for a
minimum of 4 replication cycles it is possible to differentiate between
enteroviruses in surface water samples and enterovirus contaminants which may
be present in the environment when preparing qPCR reactions. The detection of
laboratory contaminants has been reported as a limitation of qPCR (Freeman et
al., 1999). The low Ct values returned after incubating using the optimized
ICC/qPCR protocol distinguishes nucleic acid present from water samples from
potential laboratory contaminates. Nucleic acid from laboratory contaminants are
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not likely to be present in high concentrations, meaning if detected, they will
result in high Ct values. This was proven by exposing suspension cultures
containing only BGM cells and MEM to enterovirus contaminants during
extraction. Because the viruses did not have time to replicate the Ct values
detected were over 30 (not shown). These values differ significantly from those
obtained after incubating samples using the ICC/qPCR protocol, reinforcing the
recommendation to allow time for at least 4 replication cycles to occur during
incubation.
Method 1615 published by the EPA contains recommendations for
detecting enteroviruses using both cell culture and PCR as separate procedures.
Though method 1615 reduces the recommended cell culture flasks, it still relies
heavily on CPE in a minimum of 10 flasks per samples (Cashdollar et al., 2013).
These flasks are observed up to 14 days, with a second passage requiring up to
another 14 day of observation (EPA, 2013). Therefore, the EPA was successful
in reducing the costs of detecting enteroviruses, though the time required for
detection is still much longer than what was able to be achieved by the optimized
suspension ICC/qPCR protocol. The EPA continues to investigate the public
health hazards of enteroviruses by requiring some public water systems to test
for these viruses using their newly released Method 1615, however, this testing is
only required until 2015 and does not include all public water systems. By
producing protocol which detects enteroviruses within hours versus weeks with
further reduced costs and labor requirements, regulation for enterovirus testing is
more plausible than with current recommendations.
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D. Quality Control
Due to the unexpected result of the leveling of Ct values, the aptitude of
PV-1 replication was confirmed. The possibility existed that as cells were lysed,
the debris would inhibit further replication resulting in the Ct values remaining
static. Replication was verified using suspension cultures inoculated with PV-1,
incubated at 8 hour intervals, which did not have any detectable viral nucleic acid
after their initial incubation using qPCR. These cultures were inoculated with 1,
10, or 100 PFU/ml and added to monolayers in 6-well plates to observe for cell
changes. Because the monolayers showed CPE there was no inhibition of viral
replication. There was a correlation between the amounts of CPE, particularly
cell detachment, versus the concentration of PV-1 used to inoculate the
suspension cultures. The increase in CPE over time further demonstrates
successful PV-1 replication.
After determining there was no inhibition of PV-1 replication, the Ct values
were standardized to determine if the plateauing was related to the virus nucleic
acid concentration. Virus concentration of 104 PFU/ml or less was not detected
by qPCR (not shown). Furthermore, 105 PFU/ml was detected, however, there
was greater distribution of Ct values than in higher viral concentrations.
Enterovirus detection parameters using qPCR are often set to 40 total cycles and
the Ct value of 38.53 in one of the reactions suggests 10 5 PFU/ml may not be
detected in all cases. The resulting Ct values for higher viral concentrations
suggest an approximate Ct value for 106 PFU/ml is 21; while 107 PFU/ml has a
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Ct value of about 18. The leveling of Ct values near 20, between 106 and 107
PFU/ml, supports the hypothesis that at these concentrations all BGM cells were
infected, thereby ending replication of PV-1.
Detection can be limited by inhibition of qPCR reactions (Greening et al.,
2002), therefore, a test was performed to ensure this was not occurring. The
same enumerated PV-1 samples used to standardize Ct values were combined
with suspension cultures which did not have any detectable virus after a
minimum of 48 hours of incubation at 37°C. After extracting viral nucleic acid
from the combined samples, they were compared to the PV-1 standards alone.
Using an independent samples T-test, there were no significant differences in Ct
values indicated by the p-value of .146; demonstrating there was no inhibition of
qPCR reactions.
Demonstrating the suspension ICC/qPCR protocol could be reproduced in
other laboratories was of great importance. Therefore, reactions were run
simultaneously on the Prism 7700 (Applied Biosystems) used to optimize the
suspension ICC/qPCR protocol and an MX 3000P (Agilent Technologies) in
another laboratory. There were no significant differences in the Ct values
obtained from either machine established by the p-value of .408, minimizing the
concern for a machine or laboratory bias.
Suspension cultures increased the area between BGM cells. Theoretically,
this reduces the inhibition of BGM replication by cell to cell, a phenomenon
observed in monolayers. Because of the increase in space between BGM cells, it
had to be determined if rapid detection of enteroviruses in the suspension
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ICC/qPCR method was due to increases in BGM cell density or the effectiveness
of the protocol as an equal substitute to monolayers. Cells were counted over
time in suspension cultures with no statistical difference between the incubation
times (p-value .539). In fact, the cell concentration was slightly lower than the
literature predicts in T-25cm2 monolayers. This is likely due to loss of cells when
removed from the monolayer and placed in suspension.
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E. Limitations
There are some limitations to this study. The suspension cultures came
from monolayers and were therefore not truly adapted to be cells in suspension.
Future experiments should acclimate the cells to suspensions to fully remove the
use of monolayers. Moreover, the cells in suspension were occasionally agitated
during incubation, however, this did not prevent all cells from attaching to the
sides of the polypropylene tubes. Adapting the cells to be a true suspension,
whether by constant agitation using a shaker culture, such as the one used by
Goldstein et al. in 1982, or another form of ensuring cells remain in suspension
should be investigated. Another limitation was the PV-1 propagation was
performed in monolayers and it is unknown if this makes the virus more adapted
to monolayers, though the successful replication of PV-1 does indicate the virus
is able to attach and replicate in cells whether they are attached to cell culture
flasks or suspended in media.
The optimization of this protocol includes an ideal viral concentration.
However, there is no control over the concentration of viruses in true
environmental samples. Therefore, the concentrations tested were used as a
guideline to determine ideal incubation times dependent on virus concentration.
A limitation of this protocol is the unknown variable of viral titrations in samples
lower than those tested.
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F. Summary
This study demonstrates the capability of the suspension ICC/qPCR to
detect enteroviruses in surface water. This study is the first to determine the
minimum time post-infection required to detect enteroviruses at concentrations
which may be encountered in surface waters with high consistency using an
ICC/qPCR protocol regardless of whether a suspension or monolayer culture is
used. This study also proves long incubation periods, often one to two weeks,
are not necessary to make a final determination of the presence of enterovirus in
surface water. These extended time periods are a potential source of
unnecessary labor and materials.
Along with time post infection, the optimal starting viral concentration was
determined. This assay shows lower concentrations than the optimal 20 PFU in
5ml suspensions are also detectable though additional time may be required for
replication of viruses. The requirement for varying incubation times as due to
varying virus concentrations was also seen when examining a protocol to detect
adenovirus in human sludge (Rodriguez et al., 2013). As mentioned in the
limitations, virus concentration is not a variable which can be controlled during
sampling.
In this study, the effect of cell concentration was appeared to have a
minimal effect on virus detection. Therefore, the BGM concentrations found in T25 cm2 vessels, which are recommended for use by the EPA Method 1615
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(2012), were determined to be appropriate for use in the ICC/qPCR protocol.
Therefore, the optimal suspension ICC/qPCR protocol for consistent viral
detection is determined by this study to be 24 hours with a minimum of 20 PFU
inoculated into 5 ml containing 106-107 BGM cells.
This study disputes earlier work suggesting suspension cultures allow for
earlier detection than monolayer cultures (Balkin and Margolin, 2010). This is
likely due to the longer incubation period of 6 days used in the Balkin study;
which may have been enough time for BGM cells to replicate to a significantly
greater concentration allowing for increased PV-1 replication and reduced Ct
values. However, in agreement with the Balkin publication, this study does prove
the feasibility of using suspension cultures, thereby reducing costs by using
common polypropylene tubes. More frequent manipulation is required of
monolayers because cell to cell contact eventually results in detachment of the
cells from the flasks. The increase in cell manipulation requirement raises the
potential for contamination versus suspension cultures, which increases costs of
materials and labor.
Monitoring surface waters has always been a labor intensive and cost
prohibitive process. Many treatment plants rely on the use of fecal coliform
assays, though many studies have demonstrated the lack of correlation between
coliform bacteria and enteroviruses (Gerba et al., 1979). Recently, emphasis has
been placed on developing assays using both traditional culture and molecular
assays (EPA, 2012), though these procedures are costly and labor intensive
(Balkin and Margolin, 2010).
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Work presented in this thesis demonstrates a suspension ICC/qPCR
protocol is effective at detecting and quantifying enteroviruses in surface water
rapidly with high efficiency and reduced costs when compared to current
recommended methods.

93

Works Cited
Balkin, H. B., and A. B. Margolin. 2010. Detection of poliovirus by ICC/qPCR in
concentrated water samples has greater Sensitivity and is less costly using BGM
cells in suspension as compared to Monolayers. Virology Journal 7: 282-285.
Blackmer, F., K. A. Reynolds, and C. P. Gerba. 2000. Use of integrated cell
culture-PCR to evaluate the effectiveness of poliovirus inactivation by chlorine.
Applied and Environmental Microbiology 66(5): 2267-2268.
Brown, B. A., D. R. Kilpatrick, M. S. Oberste, and M. A. Pallansh. 2000.
Serotype-specific identification of enterovirus 71 by PCR. Journal of Clinical
Virology 16: 107-112.
Cashdollar, J. L., N. E. Brinkman, S. M. Griffin, B. R. McMinn, E. R. Rhodes,
E. A. Varughese, A. C. Grimm, S. U. Parshionikar, L. Wymer, and G. S. Fout.
2013. Development and evaluation of EPA Method 1615 for detection of
enterovirus and norovirus in water. Applied and Environmental Microbiology 79
(1): 215-223.
Centers for Disease Control and Prevention. 2011. Clusters of acute
respiratory illness associated with human enterovirus 68 --- Asia, Europe, and
United States, 2008 -- 2010. Morbidity and Mortality Weekly Report 60 (38):
1301-1304.
Centers for Disease Control and Prevention. 2009. Updated
recommendations of the advisory committee on immunization practices (ACIP)
regarding routinne poliovirus vaccination. Morbidity and Mortality Weekly Report
58 (30): 829-830.
Chapron, C. D., N. A. Ballester, J. H. Fontaine, C. N. Frades, and A. B.
Margolin. 2000. Detection of astroviruses, enteroviruses, and adenoviruses
types 40 and 41 in surface waters collected and evaluated by the information
collection rule and an integrated cell culture-nested PCR procedure. Applied and
Enivonmental Microbiology 66 (6): 2520-2525.
Chonmaitree, T., C. Ford, C. Sanders, and H. L. Lucia. 1988. Comparison of
cell cultures for rapid isolation of enteroviruses. Journal of Clinical Microbiology
26 (12): 2576-2580.
Cole, D. 2014. California mystery disease is Like polio -- but it's not polio.
National Geographic Society.
http://news.nationalgeographic.com/news/2014/02/140227-polio-californiaparalysis-virus-mystery/.
94

Corning. 2005. Cell Culture. In Life Sciences Selection Guide. Corning Life
Sciences. Acton, MA: Corning Inc.
Dahling, D. R., and B. A. Wright. 1985. Optimization of the BGM cell line culture
and viral assay procedures for monitoring viruses in the environment. Applied
and Environmental Microbiology 51 (4): 790-812.
DeJesus, N. 2007. Epidemics to eradication: the modern history of poliomyelitis.
Virology Journal 4: 70.
EPA. 2012. Method 1615: Measurement of enterovirus and norovirusoccurence
in water by culture and RT-qPCR. In EPA 600/R-10/181. United States
Environmental Protection Agency. Cincinnati, OH: Office of Research and
Development: National Exposure Research Laboratory .
EPA. 2009. Drinking water containment candidate list - 3. In No. EPA/HQ-OW2007-1189, by United States Environmental Protection Agency, Washington, DC:
Federal Reserve System.
EPA. 2005. Long term 2 enhanced surface water treatment rule. In No. EPA/815F-05-002, by United States Environmental Preotection Agency. Washington DC,
Office of Water.
EPA. 1995. Virus monitoring protocol for the information collection requirements
rule. In No. EPA/814-B-95--002, by United States Environmental Protection
Agency. Cincinnati, OH: Government Printing Office.
EPA. 1989. Drinking water; Primary drinking water regulation, filtration,
disinfection; Turbidity, Giardia lambia, viruses, Legionella, and heterotrophic
bacteria, final rule. In Federal Register 54-FR-27486 40 CFR Parts 141 and 142,
by United States Environmental Protection Agency. Washington DC: Water
Resource Center.
Fong, T.-T., and E. K. Lipp. 2005. Enteric viruses of humans and animals in
aquatic environments: health risks, detection, and potential water quality
assessment tools. Microbiology and Molecular Biology Reviews 69 (2): 357-371.
Freeman, W. M., S. J. Walker, and K. E. Vrana. 1999. Quantitative PCR:
pittfalls and potential. BioTechniques 26: 112-125.
Freshney, R. I. 2010. Culture of animal cells: a manual of basic technique and
specialized applications. 6th Edition. John Wiley & Sons, Inc, Hoboken, NJ.
Furham, J. A., X. Liang, and R. T. Noble. 2005. Rapid detection of
enteroviruses in small volumes of natural waters by real-time quantitative reverse
transcriptase PCR. Applied and Environmental Microbiology 71 (8): 4523-4530.

95

Gallagher, E. 2009. Frequency of reovirus detection in biosolids: comparison of
the CFR 503 tecnique to integrated cell culture - quantitative PCR. Masters
Thesis. University of New Hampshire, Durham, NH.
Gallagher, E. M., and A. B. Margolin. 2006. Developement of an integrated cell
culture-real-time RT-PCR assay for the detection of reovirus in biosolids. Journal
of Virological Methods 139: 195-202.
Gerba, C. P. 2001. Application of quantitative risk assessment for formulating
hygiene policy in the domestic setting. Journal of Infection 43: 92-98.
Gerba, C. P., and D. Kennedy. 2007. Enteric virus survival during household
laundering and impact of disinfection with sodium hypochlorite. Applied and
Environmental Microbiology 73 (14): 4425-4428.
Gerba, C. P., S. M. Goyal, R. L. LaBelle, I. Cech, and G. F. Bodgan. 1979.
Failure of indicator bacteria to reflect the occurrence of enteroviruses in marine
waters. American Journal of Pulic Health 69: 1116-1119.
Global Polio Eradication Initiative. 2014. Polio this week as of 25 June 2014.
http://www.polioeradiction.org/dataandmonitoring/poliothisweek.aspx.
Global Polio Eradication Initiative. 2013. WHO-UNICEF joint strategic action
plan for the polio outbreak response in the Horn of Africa. 1-47. Nairobi.
Goldstein, G., and L. E. Guskey. 1982. "Development of a shaker culture for
buffalo green monkey kidney cells: potential use for detection of enteroviruses."
Applied and Environmental Microbiology 44 (2): 317-320.
Gorgievski-Hrisoho, M., J.-D. Schumacher, N. Vilimonovic, D. Germann, and
L. Matter. 1998. Detection by PCR of enteroviruses in cerebrospinal fluid during
a summer outbreak of aseptic meningitis in Switzerland. Journal of Clinical
Microbiology 36 (9): 2408-2412.
Greening, G. E., J. Hewitt, and G. D. Lewis. 2002. Evaluation of an integrated
cell culture (C-PCR) for virological analysis of environmental samples. Journal of
Applied Microbiology 93: 745-750.
Gregory, J. B., R. W. Litaker, and R. T. Noble. 2006. Rapid one-step
quantitative reverse transcriptase PCR assay with competitive internal positive
control for detection of enterovirus samples. 72 (6): 3960-3967.
Griffin, D. W., K. A. Donaldson, J. H. Paul, and J. B. Rose. 2003. Pathogenic
human viruses in coastal waters. Clinical Microbiology Reviews 16 (1): 129-143.
Groce, N. E., L. M. Banks, and M. A. Stein. 2014. Surviving polio in a post-polio
world. Social Science and Medicine 107: 171-178.

96

Hird, T. R., and N. C. Grassly. Systematic Review of Mucosal Immunity Induced
by Oral and Inactivated Poliovirus Vaccines against Virus Shedding following
Oral Poliovirus Challenge. PLoS Pathogens 8 (4): e1002599.
Hoyt, J. L., and A. B. Margolin. 2000. Fortified sera and their use in
environmental virology. Applied Environmental Microbiology 66 (5): 2259-2262.
Hsiung, G. D., and J. L. Melnick. 1955. Plaque formation with poliomyelitis,
coxsackie, and orphan (ECHO) viruses in bottle cultures of monkey epithelial
cells. Virology 1 (5): 533-535.
Khetsuriani, N., A. Lamonte-Fowles, S. Oberst, M. A. Pallansch, and
Centers for Disease Control and Prevention. 2006. Enterovirus surveillance-United States, 1970-2005. Morbidity and Mortality Weekly Report. 55 (8): 1-20.
Kim, K.-S., G. Hufnagel, N. M. Chapman, and S. Tracy. 2001. The group B
coxsackieviruses and myocarditis. Reviews in Medical Virology 11: 355-368.
Lauber, C., and A. E. Gorbalenya. 2012. Toward genetics-based virus
taxonomy: comparitive analysis of a genetics-based classification and the
taxonomy of picornaviruses. Journal of Virology 86 (7): 3905-3915.
Lee, H. K., and Y. S. Jeong. 2004. Comparison of total culturable virus assay
and multiplex integrated cell culture-PCR for reliability of waterborne virus
detection. Applied and Environmental Microbiology 70 (6): 3632-3636.
Lee, M.-S., and L.-Y. Chang. 2010. Development of enterovirus 71 vaccines.
Expert Reviews 9: 149-156.
Lee, S.-H., C. Lee, H. B. Lee, H. B. Cho, and S.-J. Kim. 2005. The
simultaneous detection of both enteroviruses and adenoviruses in environmental
water samples including tap water with an integrated cell culture multiplex-nested
PCR procedure. Journal of Applied Microbiology 98: 1020-1029.
Lin, T.-Y., S.-J. Twu, M.-S. Ho, L.-Y. Chang, and C.-Y. Lee. 2003. Enterovirus
71 outbreaks, Taiwan: occurence and recognition. Emerging Infectious Diseases
9 (3): 291-293.
Luker, G., C. Chow, D. F. Richards, and F. B. Johnson. 1991. Suitability of
infection of cells in suspension for the detection of herpes simplex virus. Journal
of Clinical Microbiology 29 (7): 1554-1557.
Lycke, E., L. O. Magnius, and H. Noder. 2014. Should we use oral polio
vaccine in Europe? The Lancet 383: 1037-1038.
McMinn, P., I. Stratov, L. Nagarajan, and S. Davis. 2001. Neurological
Manifestations of enterovirus 71 infection in children during an outbreak of hand,
foot, and mouth disease in western Australia. Clinical Infectious Diseases 32:
236-242.
97

Moce-Llivina, L., F. Lucena, and J. Jofre. 2004. Double-layer plaque assay for
quantification of enteroviruses. Applied Environmental Microbiology 70 (5): 28012805.
Mohamed, N., A. Elfaitouri, J. Fohlman, G. Friman, and J. Blomberg. 2004. A
sensitive and quantitative single-tube real-time reverse transcriptase-PCR for the
detection of enteroviral RNA. Journal of Clinical Virology 30: 150-156.
Moore, N. J., and A. B. Margolin. 1993. Evaluation of radioactive and
nonradioactive gene probes and cell culture for the detection of poliovirus in
water samples. Applied and Environmental Microbiology 59 (9): 4145-3146.
Muir, P., K. Ulrike, K. Klaus, M. N. Mulders, T. Poyry, B. Weissbrich, R.
Kandolf, G. M. Cleator, and A. M. van Loon. 1998. Molecular typing of
enteroviruses: current status and future requirements. Clinical Microbiology
Reviews 11 (1): 202-227.
Nathanson, N., and O. M. Kew. 2010. From emergence to eradication: the
epidemiology of poliomyelitis deconstructed. American Journal of Epidemiology
172 (11): 1213-1229.
Nijhuis, M., N. van Maarseveen, R. Schuurman, S. Verkuijlen, M. de Vos, K.
Henriksen, and A. M. van Loon. 2002. Rapid and sensitive routine detection of
all members of the genus enterovirus in different clinical specimens by real-time
PCR. Journal of Clinical Microbiology 40 (10): 3666-3670.
Nix, W. A., M. S. Oberste, and M. A. Pallansch. 2006. Sensitive, seminested
PCR amplification of VP1 sequences for direct identification of all enterovirus
serotypes from original clinical specimens. Journal of Clinical Microbiology 44 (8):
2698-2704.
Oberste, M. S., K. Maher, A. J. Williams, N. Dybdahl-Sissoko, B. A. Brown,
M. S. Gookin, S. Penaranda, N. Mishrik, M. Uddin, and M. A. Pallansch.
2006. Species-specific RT-PCR amplification of human enteroviruses: a tool for
rapid species identification of uncharacterized enteroviruses. Journal of General
Virology 87: 119-128.
Oh, H. S., H. B. Pathak, I. G. Goodfellow, J. J. Arnold, and C. E. Cameron.
2009. Insight into poliovirus genome replication and ecapsidation obtained from
studies of 3B-3C cleavage site mutants. Journal of Virology 83 (18): 9370-9387.
Rajitar, B., M. Majek, L. Polanski, M. Polz-Dacewicz. 2008. Enteroviruses in
water environment- A potential threat to public health. Annals of Agricultural and
Environmental Medicine 15:199-203.
Ren, R. 1992. Development and Characterization of a Transgenic Mouse Model
for Poliomyelitis. Ph.D. Dissertation. Columbia University. New York.
98

Reynolds, K. A. 2004. Integrated cell culture/PCR for detection of Enteric
viruses in environmental samples. Edited by J. F. T. Spencer and A. L. Ragout.
Methods in Molecular Biology 268 (Public Health Microbiology: Methods and
Protocols): 69-78.
Reynolds, K. A., C. P. Gerba, and I. L. Pepper. 1996. Detection of infectious
enteroviruses by an integrated cell culture-PCR procedure. Applied and
Environmental Microbiology 62: 1424-1427.
Reynolds, K. A., C. P. Gerba, M. Abbaszadegan, and I. L. Pepper. 2001.
ICC/PCR detection of enteroviruses and hepatitis A virus in environmental
samples. Canadian Journal of Microbiology 47: 153-157.
Rodriguez, R. A., I. L. Pepper, and C. P. Gerba. 2009. Application of PCRbased methods to assess the infectivity of enteric viruses in environmental
samples. Applied and Environmental Microbiology 75 (2): 297-307.
Rodriguez, R. A., P. M. Polston, M. J. Wu, J. Wu, and M. D. Sobsey. 2013. An
improved infectivity assay combining cell culture with real-time PCR for rapid
quantification of human adenoviruses 41 and semi-quantification of human
adenovirus in sewage. Water Research 47 (9): 3183-3191.
Roux, A., S. Lulu, E. Waubant, C. Glaser, and K. Van Haren. 2014. A polio-like
syndrome in California: clinical, radiologic, and serologic evaluation of five
children identified by a statewide laboratory over a twelve-months period.
Neurology 82 (10): Supplement P3.335.
Schmidt, N. J., H. H. Ho, J. L. Riggs, and E. H. Lennette. 1978. Comparitive
sensitivity of various cell culture systems for isolation of viruses from wastewater
and fecal samples. Applied and environmental Microbiology 36 (3): 480-486.
Shieh, Y. C., C. I. Wong, J. A. Krantz, and F. C. Hsu. 2008. Detection of
naturally occurring enteroviruses in waters using direct RT-PCR and integrated
cell culture-RT-PCR. Journal of Virological Methods 149: 184-189.
Shipley, G. L. 2006. An introduction to real-time PCR. Chap. 1 In Real-Time
PCR, by T. Dorak, 1-30. Taylor & Francis Group, New York.
Shors, T. 2009. Understanding viruses. 1st Edition. Jones and Bartlett
Publishers, LLC. Sudbury, MA.
Yeung, W.-C., W. D. Rawlinson, and M. E. Craig. 2011. Enterovirus infection
and type 1 diabetes mellitus: systematic review and meta-analysis of
observational molecular studies. British Medical Journal 342: d35.

99

100

Appendix A
Media Preparation:
Reagent

Minimal Essential Media (per liter)
Quantity Source

Eagle’s Minimal Essential Media
Lebowitz L-15 Modified Media
HEPES

4.7 g
7.4 g
4.245 g

Sigma-Aldrich, St. Louis, MO
Sigma-Aldrich, St. Louis, MO
Thermo Fisher Scientific,
Waltham, MA
Sodium Bicarbonate
0.75 g
Millipore, Billerica, MA
L-glutamine
0.292 g
Sigma-Aldrich, St. Louis, MO
Non-essential Amino Acids
10 ml
Thermo Fisher Scientific,
(Thermo Fisher Scientific)
Waltham, MA
Antibiotic-Antimycotic Solution
10 ml
Cellgrow, Manassas, VA
Kanamycin Sulfate
8 ml
Cellgrow, Manassas, VA
Add ingredients to 1 liter of water and adjust pH to 7.2-7.4. Filter Sterilize
before adding Antibiotic-Antimycotic Solution and Kanamycin Sulfate.
M-199 (per liter)
Reagent
Quantity
Source
Medium 199
19.5 g
Lebowitz L-15 Modified Media
Sigma-Aldrich, St. Louis, MO
HEPES
10.6 g
Thermo Fisher Scientific,
Waltham, MA
Sodium Bicarbonate
1.4 g
Millipore, Billerica, MA
L-glutamine
0.6 g
Sigma-Aldrich, St. Louis, MO
Magnesium Chloride
0.3 g
Add ingredients to 960 ml of Water and filter sterilize after reagents are
dissolved by mixing.
Neutral Red Agar Overlay (per 200 ml)
Reagent
Quantity
Source
Agar
2g
MP Biomedicals, Solon, OH
M-199
90 ml
Prepared Above
Antibiotic-Antimycotic Solution
2.5 ml
Cellgrow, Manassas, VA
Kanamycin Sulfate
1 ml
Cellgrow, Manassas, VA
Fetal Bovine Serum
4 ml
In House
Neutral Red Solution
2.5 ml
Sigma-Aldrich, St. Louis, MO
Combine agar with 100 ml of water, autoclave, and cool to 45°C. Combine
other ingredients separately, mix well, and add to tempered agar. Cool to 38°C.
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Appendix B

Plaque Forming Units (PFU) per ml:

PFU plaques × dilution factor
=
ml
volume
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Appendix C

Cell Counts:
1. Preparation of cells for counting on hemocytometer:
a. 100 µl culture, agitated
b. 400 µl trypan blue
c. Mix by pipetting
i. dilution factor of 5
d. Add 10 µl to each side of hemocytometer
2. Determination of total cells
a. Determine volume being counted
i. Each square = 1 mm3 x 1 mm3 x 0.1 mm3 = 0.1 mm3
ii. 10 squares counted = 10 x 0.1 mm3 = 1 mm3
iii. 1 ml = 1000 mm3, use multiplication factor of 1000 to find
cells/ml
b. Count cells in 10 squares
c. Use counts, dilution factors, and total volume to find total cells
i. Cells counted x 1000 x 5 = cells/ml
ii. Cells in suspension = cells/ml x 5 ml (total sample volume)
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Appendix D
Additional graphs and tables used to determine results.

Figure 23. Boxplot of plaques showing distribution of quantitative data based on
the date of assay, and separated by PV-1 dilution used for inoculation. The first
quartile (25%) is represented by the bottom of the box, above the median, while
the top of the box represents the third quartile (75%). The whiskers are the
minimum and maximum values, excluding outliers, which are indicated
individually. Outliers marked with a circle are 1.5 interquartile ranges away from
the upper quartiles, while the outlier marked by an asterisk is 3 interquartile
ranges from the 75th percentile.
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Table 4. Means and descriptive statistics of PFU/ml by date plaque assay
completed.

Assay
Date

Number
of Wells
(N)

Mean

Standard
Deviation

95% Confidence Interval
Standard
for Mean
Error of the
Upper
Mean
Lower Bound
Bound

03/13/13

24

2.88E+08

2.45E+08

5.01E+07

1.85E+08

3.92E+08

03/18/13

8

4.08E+08

1.38E+08

4.87E+07

2.92E+08

5.23E+08

03/25/13

51

3.21E+08

1.21E+08

1.69E+07

2.87E+08

3.55E+08

04/26/13

29

3.87E+08

1.96E+08

3.65E+07

3.13E+08

4.62E+08

05/10/13

64

3.24E+08

1.92E+08

2.40E+07

2.76E+08

3.72E+08

05/15/13

6

4.82E+08

6.96E+08

2.84E+08

-2.49E+08

1.21E+09

05/16/13

29

2.41E+08

1.02E+08

1.90E+07

2.02E+08

2.80E+08

11/08/13

14

2.63E+08

1.75E+08

4.67E+07

1.62E+08

3.64E+08

05/21/14

28

2.21E+08

9.72E+07

1.84E+07

1.84E+08

2.59E+08

253

3.09E+08

1.98E+08

1.24E+07

2.85E+08

3.34E+08

Total
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Table 5. Analysis of Variance (ANOVA) of the mean PFU/ml by the date the
plaque assays were completed. The p-value given is used to determine if there
was a statistically significant difference in the mean PFU/ml by the date the
assay was performed. A p-value less than 0.01 indicates a post-hoc test is
required to determine which groups have significant differences.
Sum of
Squares
Between Groups 8.586x1017

Degrees of
Freedom

Mean Square F

P-value

8

1.073x1017

.005

3.789x1018

Within Groups

9.814x1018

259

Total

1.067x1019

267

2.832
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Table 6. Post-hoc Tukey test presenting p-values comparing differences in mean
PFU/ml dependent on the date the assay was completed. A p-value greater than
0.01 indicates a lack of a significant difference from one day to another.
Assay Date Assay Date

03/13/13

03/18/13

03/25/13

04/26/13

05/10/13

Mean Difference

Standard Error

P-value

03/18/13

-1.19167E+008

7.84439E+007

.846

99% Confidence Interval
Lower Bound Upper Bound
-4.0451E+008 1.6617E+008

03/25/13

-3.30392E+007

4.75636E+007

.999

-2.0605E+008

1.3997E+008

04/26/13

-9.89080E+007

5.30235E+007

.638

-2.9178E+008

9.3965E+007

05/10/13

-3.55729E+007

4.59918E+007

.997

-2.0287E+008

1.3172E+008

05/15/13

-1.93333E+008

8.77030E+007

.406

-5.1235E+008

1.2569E+008

05/16/13

4.69540E+007

5.30235E+007

.994

-1.4592E+008

2.3983E+008

11/08/13

2.54762E+007

6.46185E+007

1.000

-2.0957E+008

2.6053E+008

05/21/14
03/13/13
03/25/13
04/26/13
05/10/13
05/15/13
05/16/13
11/08/13

6.69048E+007
1.19167E+008
8.61275E+007
2.02586E+007
8.35938E+007
-7.41667E+007
1.66121E+008
1.44643E+008
1.86071E+008
3.30392E+007
-8.61275E+007
-6.58688E+007

5.34505E+007
7.84439E+007
7.30686E+007
7.67347E+007
7.20553E+007
1.03772E+008
7.67347E+007
8.51603E+007
7.70304E+007
4.75636E+007
7.30686E+007
4.46885E+007

.944
.846
.960
1.000
.964
.999
.432
.747
.280
.999
.960
.867

-1.2752E+008
-1.6617E+008
-1.7966E+008
-2.5886E+008
-1.7851E+008
-4.5164E+008
-1.1300E+008
-1.6513E+008
-9.4127E+007
-1.3997E+008
-3.5192E+008
-2.2842E+008

2.6133E+008
4.0451E+008
3.5192E+008
2.9938E+008
3.4570E+008
3.0330E+008
4.4524E+008
4.5441E+008
4.6627E+008
2.0605E+008
1.7966E+008
9.6686E+007

-2.53370E+006
-1.60294E+008
7.99932E+007
5.85154E+007
9.99440E+007
9.89080E+007

3.60669E+007
8.29300E+007
4.46885E+007
5.79752E+007
4.51944E+007
5.30235E+007

1.000
.592
.689
.985
.402
.638

-1.3373E+008
-4.6195E+008
-8.2562E+007
-1.5237E+008
-6.4451E+007
-9.3965E+007

1.2866E+008
1.4136E+008
2.4255E+008
2.6940E+008
2.6434E+008
2.9178E+008

03/18/13

-2.02586E+007

7.67347E+007

1.000

-2.9938E+008

2.5886E+008

03/25/13

6.58688E+007

4.46885E+007

.867

-9.6686E+007

2.2842E+008

05/10/13

6.33351E+007

4.30118E+007

.867

-9.3121E+007

2.1979E+008

05/15/13

-9.44253E+007

8.61776E+007

.974

-4.0790E+008

2.1905E+008

05/16/13

1.45862E+008

5.04604E+007

.096

-3.7688E+007

3.2941E+008

11/08/13

1.24384E+008

6.25325E+007

.552

-1.0308E+008

3.5185E+008

05/21/14

1.65813E+008

5.09090E+007

.034

-1.9369E+007

3.5099E+008

03/13/13
03/18/13
03/25/13
04/26/13
05/15/13
05/16/13
11/08/13
05/21/14

3.55729E+007
-8.35938E+007
2.53370E+006

4.59918E+007
7.20553E+007
3.60669E+007

.997
.964
1.000

-1.3172E+008
-3.4570E+008
-1.2866E+008

2.0287E+008
1.7851E+008
1.3373E+008

-6.33351E+007
-1.57760E+008
8.25269E+007
6.10491E+007
1.02478E+008

4.30118E+007
8.20386E+007
4.30118E+007
5.66928E+007
4.35371E+007

.867
.598
.601
.977
.315

-2.1979E+008
-4.5618E+008
-7.3929E+007
-1.4517E+008
-5.5889E+007

9.3121E+007
1.4066E+008
2.3898E+008
2.6727E+008
2.6084E+008

05/21/14
03/13/13
03/18/13
04/26/13
05/10/13
05/15/13
05/16/13
11/08/13
05/21/14
03/13/13
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Assay Date Assay Date

05/15/13

05/16/13

11/08/13

05/21/14

Mean
Difference

Standard Error

Pvalue

99% Confidence Interval
Lower Bound

Upper Bound

03/13/13

1.93333E+008

8.77030E+007

.406

-1.2569E+008

5.1235E+008

03/18/13

7.41667E+007

1.03772E+008

.999

-3.0330E+008

4.5164E+008

03/25/13

1.60294E+008

8.29300E+007

.592

-1.4136E+008

4.6195E+008

04/26/13

9.44253E+007

8.61776E+007

.974

-2.1905E+008

4.0790E+008

05/10/13

1.57760E+008

8.20386E+007

.598

-1.4066E+008

4.5618E+008

05/16/13

2.40287E+008

8.61776E+007

.124

-7.3185E+007

5.5376E+008

11/08/13

2.18810E+008

9.37584E+007

.326

-1.2224E+008

5.5986E+008

05/21/14

2.60238E+008

8.64410E+007

.070

-5.4192E+007

5.7467E+008

03/13/13

-4.69540E+007

5.30235E+007

.994

-2.3983E+008

1.4592E+008

03/18/13

-1.66121E+008

7.67347E+007

.432

-4.4524E+008

1.1300E+008

03/25/13

-7.99932E+007

4.46885E+007

.689

-2.4255E+008

8.2562E+007

04/26/13

-1.45862E+008

5.04604E+007

.096

-3.2941E+008

3.7688E+007

05/10/13

-8.25269E+007

4.30118E+007

.601

-2.3898E+008

7.3929E+007

05/15/13

-2.40287E+008

8.61776E+007

.124

-5.5376E+008

7.3185E+007

11/08/13

-2.14778E+007

6.25325E+007

1.000

-2.4894E+008

2.0598E+008

05/21/14

1.99507E+007

5.09090E+007

1.000

-1.6523E+008

2.0513E+008

03/13/13

-2.54762E+007

6.46185E+007

1.000

-2.6053E+008

2.0957E+008

03/18/13

-1.44643E+008

8.51603E+007

.747

-4.5441E+008

1.6513E+008

03/25/13

-5.85154E+007

5.79752E+007

.985

-2.6940E+008

1.5237E+008

04/26/13

-1.24384E+008

6.25325E+007

.552

-3.5185E+008

1.0308E+008

05/10/13

-6.10491E+007

5.66928E+007

.977

-2.6727E+008

1.4517E+008

05/15/13

-2.18810E+008

9.37584E+007

.326

-5.5986E+008

1.2224E+008

05/16/13

2.14778E+007

6.25325E+007

1.000

-2.0598E+008

2.4894E+008

05/21/14

4.14286E+007

6.28951E+007

.999

-1.8735E+008

2.7021E+008

03/13/13

-6.69048E+007

5.34505E+007

.944

-2.6133E+008

1.2752E+008

03/18/13

-1.86071E+008

7.70304E+007

.280

-4.6627E+008

9.4127E+007

03/25/13

-9.99440E+007

4.51944E+007

.402

-2.6434E+008

6.4451E+007

04/26/13

-1.65813E+008

5.09090E+007

.034

-3.5099E+008

1.9369E+007

05/10/13

-1.02478E+008

4.35371E+007

.315

-2.6084E+008

5.5889E+007

05/15/13

-2.60238E+008

8.64410E+007

.070

-5.7467E+008

5.4192E+007

05/16/13

-1.99507E+007

5.09090E+007

1.000

-2.0513E+008

1.6523E+008

11/08/13

-4.14286E+007

6.28951E+007

.999

-2.7021E+008

1.8735E+008
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Figure 24. Boxplot of plaques showing distribution of quantitative data based on
the dilution of PV-1 used for inoculation. The first quartile (25%) is represented
by the bottom of the box, above the median, while the top of the box represents
the third quartile (75%). The whiskers are the minimum and maximum values,
excluding outliers, which are indicated individually. Outliers are 1.5 interquartile
ranges away from the upper quartiles. Overlapping outliers are suppressed: a
total of 4 results of 8x108 and 2 results of 9x108 were present in the 10-7 dilution.
An outlier of 1.9x109 PFU/ml present in the 10-6 dilution is not shown.
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Table 7. Means and descriptive statistics of the calculated PFU/ml by separating
the results of the plaque assays by dilution of the PV-1 stocks.
Dilution

Number Mean
of Wells
Counted

Standard
Deviation

Standard Error
of the Mean

10-6

124

2.9113E+008

1.75371E+008 1.57487E+007

10-7

129

3.2713E+008

2.16276E+008 1.90420E+007

Table 8. Independent T-test for the equality of the PFU/ml means compared by
dilution of the PV-1 aliquot stock used for the plaque assay. Equal variances are
not assumed for the resulting P-value.
Levene’s Test
for Equality of
Variances

F

Sig

t

Degrees
P-value
of
(2-tailed)
freedom

Mean
Difference

Standard
Error of 99% Confidence Interval
of the Difference
the
Difference
Lower

22.205 .000

-1.457

244.13

.146

-3.60E+07 2.47E+07 -1.00E+08

Upper
2.81E+07
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Figure 25. Enumerated means of PFU/ml of PV-1 stock compared by date
completed, separated by dilution of PV-1 stock. Error bars represent the standard
error of the means.
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Table 9. Descriptive Statistics of PFU/ml dependent on plaque assay date and
dilution of PV-1 used.
Assay Date
03/13/13

03/18/13

03/25/13

04/26/13

05/10/13

05/15/13

05/16/13

11/08/13

05/21/14

Total

Dilution

Mean

Std. Deviation

N

10^6

3.1714E+008 2.21263E+008

7

10^7

2.7647E+008 2.60143E+008

17

Total

2.8833E+008 2.45369E+008

24

10^6

3.5333E+008 1.52753E+008

3

10^7

4.4000E+008 1.34164E+008

5

Total

4.0750E+008 1.37711E+008

8

10^6

3.3808E+008 5.09132E+007

26

10^7

3.0400E+008 1.64520E+008

25

Total

3.2137E+008 1.20765E+008

51

10^6

3.1000E+008 1.00000E+008

13

10^7

4.5000E+008 2.33809E+008

16

Total

3.8724E+008 1.96449E+008

29

10^6

3.0125E+008 6.62218E+007

24

10^7

3.3750E+008 2.37171E+008

40

Total

3.2391E+008 1.91665E+008

64

10^6

4.8167E+008 6.95914E+008

6

Total

4.8167E+008 6.95914E+008

6

10^6

2.2174E+008 6.83342E+007

23

10^7

3.1667E+008 1.72240E+008

6

Total

2.4138E+008 1.02460E+008

29

10^6

2.4000E+008 5.88784E+007

7

10^7

2.8571E+008 2.47848E+008

7

Total

2.6286E+008 1.74683E+008

14

10^6

2.0667E+008 7.42262E+007

15

10^7

2.3846E+008 1.19293E+008

13

Total

2.2143E+008 9.71716E+007

28

10^6
10^7
Total

2.9113E+008 1.75371E+008
3.2713E+008 2.16276E+008
3.0949E+008 1.97725E+008

124
129
253
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Table 10. Two factor, between subjects ANOVA, which determines if the effect of
the date the plaque assay was completed is the same as the effect of the dilution
plated. In other words, the determination of evidence to conclude the effect of the
date the assay was completed is different than the effect of the dilution plated.
The interaction of the date of the assay and the dilution is also determined by the
p-value of 0.643 and the adjusted R2 value of 0.051.
Source

Corrected Model

Type III Sum Degrees
of Squares
of
Freedom
a
1.098E+18
16

Mean
Square
6.862E+16

F

P-value

1.850

.026

Intercept

1.602E+19

1

1.602E+19 431.825

.000

Assay Date

7.189E+17

8

8.986E+16

2.423

.016

Dilution

7.838E+16

1

7.838E+16

2.113

.147

Date * Dilution

1.907E+17

7

2.725E+16

.735

.643

Error

8.754E+18

236

3.709E+16

Total

3.408E+19

253

Corrected Total

9.852E+18

252

a. R Squared = .111 (Adjusted R Squared = .051)
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Figure 26. Boxplot of plaques showing distribution of quantitative data based on
the whether BGM cell debris was removed from the PV-1 lysate prior to
inoculation of cells. Outliers 1.5 interquartile ranges away from the upper quartile
are indicated by a circle, while an outlier 3 interquartile ranges from the 75 th
percentile is indicated by an asterisk. Overlapping outliers are suppressed: a total
of 2 results of 6x108, 3 results of 7x108, and 2 results of 8x108 were present in
samples with cellular debris. An outlier of 1.9x109 PFU/ml present in the sample
with BGM debris in the lysate is not shown.
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Figure 27. Mean PFU/ml with error bars representing the standard error of the
means comparing the presence and absence of BGM cell debris in the viral
lysate used to inoculate plaque assays. Data separated by dilution of PV-1.
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Table 11. Means and descriptive statistics of the calculated PFU/ml by
separating the results of the plaque assays by the presence of absence of BGM
cells.
Cell Debris

N

Mean

Standard

Standard Error of

Deviation

the Mean

Yes

148

3.0953E+008

2.05576E+008

1.68983E+007

No

77

3.4143E+008

2.01604E+008

2.29749E+007

Table 12. T-test for the equality of the PFU/ml means compared by presence or
absence of BGM cell debris in the viral lysate used for the neutral red plaque
assays. Equal variances are assumed.
Levene's
Test for
Equality of
Variances

F

Sig

t

2.035 .155 -1.112

Degrees
P-value
of
(2-tailed)
Freedom
223

.267

Mean
Difference

Standard
Error of the
Difference

99% Confidence Interval of
the Difference
Lower

Upper

-3.19E+007 2.87E+007 -1.065E+008 4.265E+007
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Table 13. Three factor, between subjects ANOVA, which determines if the effect
of the date the plaque assay was completed is the same as the effect of the
dilution plated or presence of BGM cell debris. The interaction of the date of the
assay, the dilution, and the presence of BGM cell debris is determined by the
adjusted R2 value of 0.025.
Source

Type III
Sum of
Squares

Mean
Square

F

Corrected Model

8.87E+17a

16

5.54E+16

1.362

.163

Intercept

1.42E+19

1

1.42E+19 348.052

.000

Assay Date

4.38E+17

7

6.25E+16

1.536

.157

Dilution

1.23E+17

1

1.23E+17

3.029

.083

Cell Debris

1.85E+16

1

1.85E+16

.456

.500

Date * Dilution

1.71E+17

6

2.86E+16

.702

.648

.000

0

.

.

.

1.63E16

1

163E+16

.400

.528

.000

0

.

.

.

Error

8.47E+18

208

4.07E+16

Total

3.25E+19

225

Corrected Total

9353E+18

224

Date * Cell Debris
Dilution * Cell Debris
Date * Dilution * Debris

Degrees
of
Freedom

Sig.

a. R Squared = .095 (Adjusted R Squared = .025)
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Figure 28. Mean Ct results of 25cm2 cell culture flasks inoculated with 100µl of
varying concentrations of PV-1 using 8 hour incubation intervals over time. The
error bars represent the standard error of the mean.
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Table 14. Correlation of cycle threshold values, initial PV-1 inoculation
concentrations, and incubation time. Significant correlations are indicated by
asterisks following the Pearson correlation coefficient and p-values less than .01.
Ct

Pearson Correlation

PFU/ml

-.468**

-.551**

.002

.000

2834.311

-130.994

-360.131

67.484

-3.119

-8.575

43

43

43

-.468**

1

.054

1

P-value (2-tailed)
Ct

Sum of Squares and
Cross-products
Covariance
N
Pearson Correlation
P-value (2-tailed)

PFU/ml

Sum of Squares and
Cross-products
Covariance
N
Pearson Correlation
P-value (2-tailed)

Time

Sum of Squares and
Cross-products
Covariance
N

Time

.002

.686

-130.994

37.931

4.862

-3.119

.665

.085

43

58

58

-.551**

.054

1

.000

.686

-360.131

4.862

211.724

-8.575

.085

3.714

43

58

58
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Table 15. Analysis of Variance of the Ct values dependent on the initial
concentration of the PV-1used for inoculation in 25cm2 monolayers. No analysis
was carried further with the samples inoculated with 1 and 10 PFU/ml due to the
p-values being greater than 0.01.

Samples

Positive

Sum of

Degrees

Mean

Tested

Samples

Squares

of

Square

F

Pvalue

Freedom
Between

432.864

6

72.144

122.702

5

24.540

12 555.566

11

326.386

5

65.277

323.700

10

32.370

15 650.086

15

2.940

.128

2.017

.162

30.164

.000

Groups
1

Within

PFU/ml

Groups
Total

18

Between
Groups
10

Within

PFU/ml

Groups
Total

20

Between

892.563

5 178.513

Groups
100

Within

PFU/ml

Groups
Total

20

59.180

10

16 951.743

15

5.918
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Table 16. Tukey Table of 25cm2 monolayer samples inoculated with 100 PFU/ml
of PV-1 demonstrating statistically significant differences in Ct values of
incubation periods. After 24 hours no statistical difference was found in Ct
values.
Time

8 hours

16 hours

24 hours

32 hours

40 hours

48 hours

Time

Mean

Standard

Difference

Error

P-value

99% Confidence Interval
Lower Bound

Upper Bound

16 hours

8.11500

2.43270

.062

-2.9415

19.1715

24 hours

17.65500*

2.22074

.000

7.5618

27.7482

32 hours

20.26167*

2.22074

.000

10.1685

30.3548

40 hours

21.42167*

2.22074

.000

11.3285

31.5148

48 hours

21.95500*

2.22074

.000

11.8618

32.0482

8 hours

-8.11500

2.43270

.062

-19.1715

2.9415

24 hours

9.54000

2.22074

.014

-.5532

19.6332

32 hours

12.14667*

2.22074

.003

2.0535

22.2398

40 hours

13.30667*

2.22074

.001

3.2135

23.3998

48 hours

13.84000*

2.22074

.001

3.7468

23.9332

8 hours

-17.65500*

2.22074

.000

-27.7482

-7.5618

16 hours

-9.54000

2.22074

.014

-19.6332

.5532

32 hours

2.60667

1.98629

.773

-6.4209

11.6343

40 hours

3.76667

1.98629

.455

-5.2609

12.7943

48 hours

4.30000

1.98629

.330

-4.7276

13.3276

8 hours

-20.26167*

2.22074

.000

-30.3548

-10.1685

16 hours

-12.14667*

2.22074

.003

-22.2398

-2.0535

24 hours

-2.60667

1.98629

.773

-11.6343

6.4209

40 hours

1.16000

1.98629

.990

-7.8676

10.1876

48 hours

1.69333

1.98629

.950

-7.3343

10.7209

8 hours

-21.42167*

2.22074

.000

-31.5148

-11.3285

16 hours

-13.30667*

2.22074

.001

-23.3998

-3.2135

24 hours

-3.76667

1.98629

.455

-12.7943

5.2609

32 hours

-1.16000

1.98629

.990

-10.1876

7.8676

48 hours

.53333

1.98629

1.000

-8.4943

9.5609

8 hours

-21.95500*

2.22074

.000

-32.0482

-11.8618

16 hours

-13.84000*

2.22074

.001

-23.9332

-3.7468

24 hours

-4.30000

1.98629

.330

-13.3276

4.7276

32 hours

-1.69333

1.98629

.950

-10.7209

7.3343

40 hours

-.53333

1.98629

1.000

-9.5609

8.4943
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Figure 29. Mean Ct results of suspension cultures inoculated with 100µl of
varying concentrations of PV-1 using 8 hour incubation intervals over time. The
error bars represent the standard error of the mean.
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Table 17. Analysis of Variance of the Ct values dependent on the initial
concentration of the PV-1used for inoculation in suspension cultures. No analysis
was carried further with the samples inoculated with 1 and 10 PFU/ml due to the
p-values being greater than 0.01.
Samples

Positive

Sum of

Degrees

Mean

Samples

Squares

of

Square

F

Pvalue

Freedom
Between

75.044

4

18.761

67.628

1

67.628

6 142.673

5

481.792

6

80.299

476.386

14

34.028

21 958.178

20

508.880

6

84.726

140.880

16

8.805

22 649.235

22

0.277

.870

2.360

.087

9.623

.000

Groups
1

Within

PFU/ml

Groups
Total

14

Between
Groups
10

Within

PFU/ml

Groups
Total

24

Between
Groups
100

Within

PFU/ml

Groups
Total

24
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Table 18. Tukey Table of suspension culture samples inoculated with 100
PFU/ml of PV-1 demonstrating statistically significant differences in Ct values.
After 24 hours no statistical difference was found in Ct values.
Time

8 Hours

16 Hours

24 Hours

36 Hours

42 Hours

48 Hours

Time

Mean

Standard

Difference

Error

P-value

99% Confidence Interval
Lower Bound

Upper Bound

16 Hours

1.04333

2.17326

.996

-7.8629

9.9495

24 Hours

6.57750

2.03290

.051

-1.7535

14.9085

36 Hours

8.90000*

2.03290

.006

.5690

17.2310

42 Hours

8.85500*

2.03290

.006

.5240

17.1860

48 Hours

8.77667

2.17326

.011

-.1295

17.6829

8 Hours

-1.04333

2.17326

.996

-9.9495

7.8629

24 Hours

5.53417

2.03290

.128

-2.7968

13.8652

36 Hours

7.85667

2.03290

.016

-.4743

16.1877

42 Hours

7.81167

2.03290

.016

-.5193

16.1427

48 Hours

7.73333

2.17326

.028

-1.1729

16.6395

8 Hours

-6.57750

2.03290

.051

-14.9085

1.7535

16 Hours

-5.53417

2.03290

.128

-13.8652

2.7968

36 Hours

2.32250

1.88210

.814

-5.3905

10.0355

42 Hours

2.27750

1.88210

.825

-5.4355

9.9905

48 Hours

2.19917

2.03290

.881

-6.1318

10.5302

8 Hours

-8.90000*

2.03290

.006

-17.2310

-.5690

16 Hours

-7.85667

2.03290

.016

-16.1877

.4743

24 Hours

-2.32250

1.88210

.814

-10.0355

5.3905

42 Hours

-.04500

1.88210

1.000

-7.7580

7.6680

48 Hours

-.12333

2.03290

1.000

-8.4543

8.2077

8 Hours

-8.85500*

2.03290

.006

-17.1860

-.5240

16 Hours

-7.81167

2.03290

.016

-16.1427

.5193

24 Hours

-2.27750

1.88210

.825

-9.9905

5.4355

36 Hours

.04500

1.88210

1.000

-7.6680

7.7580

48 Hours

-.07833

2.03290

1.000

-8.4093

8.2527

8 Hours

-8.77667

2.17326

.011

-17.6829

.1295

16 Hours

-7.73333

2.17326

.028

-16.6395

1.1729

24 Hours

-2.19917

2.03290

.881

-10.5302

6.1318

36 Hours

.12333

2.03290

1.000

-8.2077

8.4543

42 Hours

.07833

2.03290

1.000

-8.2527

8.4093
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Figure 30. Mean Ct results of suspension cultures inoculated with 100µl of 100
PFU/ml of PV-1 in varying concentrations of BGM cells over time. The error bars
represent the standard error of the mean.
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Table 19. Analysis of Variance of the Ct values dependent on the initial
concentration of BGM cells in suspension cultures. No analysis was carried
further with the samples inoculated with 105 and 106 BGM cells due to the pvalues being greater than 0.01 at a 99% confidence level, though there is a
significant difference in the 106 samples at a 95% confidence level.

Sum of
Squares
Between
Groups
5
10 BGM Cells Within
Groups
Total
Between
Groups
6
10 BGM Cells Within
Groups
Total
Between
Groups
7
10 BGM Cells Within
Groups
Total

Degrees
of
Freedom

Mean
Square

257.919

6

42.987

115.292

6

19.215

373.212

12

312.231

6

52.039

170.856

12

14.238

483.088

18

626.134

6

124.947

13

751.081

19

F

P-value

2.237

.175

3.655

.027

104.356 10.858

.000

9.611
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Table 20. Tukey Table of suspension culture samples inoculated with 100
PFU/ml of PV-1 in 107 BGM cells demonstrating statistically significant
differences in Ct values.
Incubation
Time

Incubation
Time

Mean
Difference

Standard
Error

P-value

0 Hours
16 Hours
24 Hours
32 Hours
40 Hours
48 Hours
0 Hours
8 Hours
24 Hours
32 Hours
40 Hours
48 Hours
0 Hours
8 Hours
16 Hours
32 Hours
40 Hours
48 Hours

-2.44000
9.00667
5.52333
11.53333*
14.39000*
11.58667*

2.83009
2.53131
2.53131
2.53131
2.53131
2.53131

-11.44667
-9.00667
-3.48333
2.52667
5.38333
2.58000
-7.96333
-5.52333
3.48333
6.01000
8.86667
6.06333

32 Hours

0 Hours
8 Hours
16 Hours
24 Hours
40 Hours
48 Hours

40 Hours

8 Hours

16 Hours

24 Hours

48 Hours

99% Confidence Interval
Lower Bound

Upper Bound

.972
.042
.366
.007
.001
.007

-14.8313
-2.0765
-5.5598
.4502
3.3068
.5035

9.9513
20.0898
16.6065
22.6165
25.4732
22.6698

2.83009
2.53131
2.53131
2.53131
2.53131
2.53131
2.83009
2.53131
2.53131
2.53131
2.53131
2.53131

.018
.042
.805
.946
.392
.940
.145
.366
.805
.282
.046
.274

-13.97333*
-11.53333*
-2.52667
-6.01000
2.85667
.05333

2.83009
2.53131
2.53131
2.53131
2.53131
2.53131

.004
.007
.946
.282
.908
1.000

0 Hours
8 Hours
16 Hours
24 Hours
32 Hours
48 Hours

-16.83000*
-14.39000*
-5.38333
-8.86667
-2.85667
-2.80333

2.83009
2.53131
2.53131
2.53131
2.53131
2.53131

.001
.001
.392
.046
.908
.915

0 Hours

-14.02667*

2.83009

.004

-23.8380
-20.0898
-14.5665
-8.5565
-5.6998
-8.5032
-20.3547
-16.6065
-7.5998
-5.0732
-2.2165
-5.0198
-26.3647
-22.6165
-13.6098
-17.0932
-8.2265
-11.0298
-29.2213
-25.4732
-16.4665
-19.9498
-13.9398
-13.8865
-26.4180

.9447
2.0765
7.5998
13.6098
16.4665
13.6632
4.4280
5.5598
14.5665
17.0932
19.9498
17.1465
-1.5820
-.4502
8.5565
5.0732
13.9398
11.1365
-4.4387
-3.3068
5.6998
2.2165
8.2265
8.2798
-1.6353

8 Hours

-11.58667*

2.53131

.007

-22.6698

-.5035

16 Hours

-2.58000

2.53131

.940

-13.6632

8.5032

24 Hours

-6.06333

2.53131

.274

-17.1465

5.0198

32 Hours

-.05333

2.53131

1.000

-11.1365

11.0298

40 Hours

2.80333

2.53131

.915

-8.2798

13.8865
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Table 21. Univariate analysis of the effect of incubation time and type of cell
culture on Ct values. The combined effect of time and type of culture has a pvalue of .003, though looking at the variables independently, only time has a
statistically significant effect.

Source

Corrected
Model
Intercept
Time
Culture
Time * Culture
Error
Total
Corrected Total

Type III Sum
of Squares

Degrees
of
Freedom

Mean
Square

1173.744a

11

16106.002

1

1106.680

5

221.336

33.445

.000

.006

1

.006

.001

.977

161.387

5

32.277

4.877

.003

165.449

25

6.618

17020.331

37

1339.192

36

106.704

F

P-value

16.123

.000

16106.002 2433.685

.000

a. R Squared = .876 (Adjusted R Squared = .822)
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Table 22. Means and descriptive statistics of the PFU/ml in the seeded samples.
N

Mean

Standard
Deviation

Standard
Error

Location 1

7 2.17E+08 3.17E+08 1.20E+08

95% Confidence
Interval for Mean
Lower
Upper
Bound
Bound
-7.59E+07 5.10E+08

Location 2

8 8.43E+07 3.18E+07 1.13E+07

5.76E+07 1.11E+08

Location 3

8 8.05E+07 1.14E+07 4.01E+06

7.10E+07 9.00E+07

Location 4

12 9.94E+07 6.98E+07 2.01E+07

5.51E+07 1.44E+08

Total

35 1.15E+08 1.49E+08 2.52E+07

6.39E+07 1.66E+08

Table 23. Analysis of variance of the mean PFU/ml in the seeded samples
showing no statistically significant differences by the p-value of .248.
Sum of
Squares
Between Groups

Degrees Mean Square
of
Freedom
9.30E+17
3
3.10E+16

Within Groups

6.64E+17

31

Total

7.57E+17

34

F

1.448

P-Value

.248

2.14E+16

129

Table 24. Regression analysis comparing the effects of the different seeded
samples and incubation time on Ct values. Incubation time has a statistically
significant effect with a p-value of .000, while location does not.
Source

Corrected Model
Intercept
Incubation Time
Location
Incubation Time *
Location
Error
Total
Corrected Total
a. R Squared = .825

Type III Degrees
Mean
F
Sum of
of
Square
Squares Freedom
1725.160a
27
63.895
8.894
36389.504
1 36389.504 5065.561
1572.625
6
262.104
36.486
50.580
3
16.860
2.347
60.699
18
3.372
.469
366.369
38619.170
2091.529

51
79
78

Sig.

.000
.000
.000
.084
.960

7.184
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Table 25. Tukey test indicating statistically significant values before 32 hours in
seeded samples.
Incubation
Time

Incubation
Time
0 Hours

8 Hours

16 Hours

24 Hours

32 Hours

40 Hours

Mean
Difference

Standard
Error

P-value

99% Confidence Interval for Difference
Lower Bound
Upper Bound

.094

1.223

.939

-3.179

3.368

16 Hours

3.800*

1.128

.001

.782

6.818

24 Hours

7.376*

1.128

.000

4.358

10.394

32 Hours

10.333*

1.128

.000

7.315

13.350

40 Hours

11.376*

1.161

.000

8.270

14.481

48 Hours

10.949*

1.128

.000

7.931

13.967

0 Hours

-3.706*

1.192

.003

-6.896

-.515

8 Hours

-3.800*

1.128

.001

-6.818

-.782

24 Hours

3.576*

1.094

.002

.648

6.504

32 Hours

6.533*

1.094

.000

3.605

9.460

40 Hours

7.576*

1.128

.000

4.558

10.594

48 Hours

7.149*

1.094

.000

4.221

10.077

0 Hours

-7.282*

1.192

.000

-10.472

-4.091

8 Hours

-7.376*

1.128

.000

-10.394

-4.358

16 Hours

-3.576*

1.094

.002

-6.504

-.648

32 Hours

2.957*

1.094

.009

.029

5.884

40 Hours

4.000*

1.128

.001

.982

7.018

48 Hours

3.573*

1.094

.002

.646

6.501

0 Hours

-10.238*

1.192

.000

-13.429

-7.048

8 Hours

-10.333*

1.128

.000

-13.350

-7.315

16 Hours

-6.533*

1.094

.000

-9.460

-3.605

24 Hours

-2.957*

1.094

.009

-5.884

-.029

40 Hours

1.043

1.128

.359

-1.975

4.061

48 Hours

.617

1.094

.576

-2.311

3.544

0 Hours

-11.282*

1.223

.000

-14.555

-8.008

8 Hours

-11.376*

1.161

.000

-14.481

-8.270

16 Hours

-7.576*

1.128

.000

-10.594

-4.558

24 Hours

-4.000*

1.128

.001

-7.018

-.982

32 Hours

-1.043

1.128

.359

-4.061

1.975

48 Hours

-.427

1.128

.707

-3.445

2.591

0 Hours

-10.855*

1.192

.000

-14.045

-7.665

8 Hours

-10.949*

1.128

.000

-13.967

-7.931

16 Hours

-7.149*

1.094

.000

-10.077

-4.221

24 Hours

-3.573*

1.094

.002

-6.501

-.646

32 Hours

-.617

1.094

.576

-3.544

2.311

40 Hours

.427

1.128

.707

-2.591

3.445

48 Hours
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Table 26. Mean and descriptive statistics of Ct values of known PFU/ml
concentrations
N

105
106
107
Total

Mean

3
3
3
9

Standard
Deviation

34.4133
21.1667
18.0967
24.5589

Standar
d Error

4.80737 2.77554
.36529 .21090
.14572 .08413
7.88720 2.62907

95% Confidence Interval
for Mean
Lower
Upper
Bound
Bound
22.4712
46.3555
20.2592
22.0741
17.7347
18.4586
18.4962
30.6215

Table 27. Analysis of variance showing statistical difference between Ct values of
known PFU/ml concentrations which returned detectable results (105-107
PFU/ml).
Sum of
Squares

Degrees of
Freedom

Mean Square

Between Groups

451.133

2

225.566

Within Groups
Total

46.531
497.664

6
8

7.755

F
29.086

P-Value
.001

Table 28. Tukey Test displaying statistically significant differences between the
Ct values of 105 PFU/ml versus 106 and 107 PFU/ml.
PFU/mL PFU/mL
Mean
Standard P-value
Difference
Error

105
106
107

99% Confidence
Interval
Lower
Upper
Bound
Bound

106

13.24667

2.27379

.003

3.0684

23.4249

107
105
107
105
106

16.31667
-13.24667
3.07000
-16.31667
-3.07000

2.27379
2.27379
2.27379
2.27379
2.27379

.001
.003
.421
.001
.421

6.1384
-23.4249
-7.1083
-26.4949
-13.2483

26.4949
-3.0684
13.2483
-6.1384
7.1083
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Table 29. Mean Ct values while checking for inhibition of detection in suspension
cultures.

Source

N

Mean
9
10

Stock
Mixed stock &
Suspension
Cultures

Std. Deviation

24.5589
20.2720

Std. Error Mean

7.88720
1.77169

2.62907
.56026

Table 30. Independent samples T-test to determine any statistically significant
differences between stock virus used for standards and mixed samples of stock
virus and suspension cultures. Equal variances are not assumed.
Levene's Test
for Equality of
Variances
F

Sig.

t

Degrees

P-value

of

Mean

Std. Error

Difference Difference

Freedom

99% Confidence
Interval of the
Difference
Lower

18.253

.001

1.595

8.727

.146

4.28689

2.68810

-4.51859

Upper
13.09237
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Table 31. Mean and descriptive statistics of the same samples run
simultaneously on two qPCR machines.
qPCR
Machine

N

Mean

Standard
Deviation

Standard Error
of the Mean

Prism 7700

4

20.9700

2.75472

1.37736

Mx3000P

4

22.6675

2.64069

1.32034

Table 32. Independent samples T-Test to determine any statistically significant
differences between different qPCR machines with equal variances not assumed.
Levene's
Test for
Equality of
Variances
F

Sig.

T

Degrees

P-Value

of

(2-tailed)

Mean

Std. Error

Difference Difference

Freedom

.000 .997

-.890

5.989

99% Confidence
Interval of the
Difference

.408

-1.69750

1.90799

Lower

Upper

-8.77123

5.37623

134

Table 33. Mean and descriptive statistics of BGM cells over time incubations.
N

0 Hours
8 Hours
16
Hours
24
Hours
32
Hours
40
Hours
48
Hours
Total

Mean

Standard
Deviation

Standard
Error

5 1.32E+06

8.46E+05

95% Confidence
Interval for Mean
Lower
Upper
Bound
Bound
3.78E+05 2.73E+05
2.37E+06

5 1.36E+06

7.05E+05

3.15E+05 4.89E+05

2.24E+06

5 9.70E+05

4.21E+05

1.88E+05 4.48E+05

1.49E+06

5 7.52E+05

3.35E+05

1.50E+05 3.36E+05

1.17E+06

6 9.92E+05

2.92E+05

1.19E+05 6.86E+05

1.30E+06

6 1.02E+06

3.19E+05

1.30E+05 6.85E+05

1.35E+06

6 1.04E+06

5.10E+5

2.08E+05 5.10E+05

1.58E+06

38 1.06E+06

5.09E+05

8.26E+04 8.95E+05

1.23E+06

Table 34. Analysis of variance of BGM cell counts in suspension samples versus
time incubated.
Sum of
Squares

Between
Groups
Within Groups
Total

Degrees Mean Square
of
Freedo
m

1.36E+012

6

2.27E+011

8.24E+012

31

2.66E+011

9.60E+012

37

F

.855

P-value

.539
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Table 35. Mean and Descriptive statistics of BGM cell counts in seeded samples
over incubation time periods.
N

Mean

Standard
Deviation

Standard
Error

0 Hours

8 9.83E+05

3.54E+05

1.25E+05

95% Confidence
Interval for Mean
Lower
Upper
Bound
Bound
6.86E+05 1.28E+06

8 Hours

12 1.14E+06

4.08E+05

1.18E+05

8.79E+05 1.40E+06

16
Hours
24
Hours
32
Hours
40
Hours
48
Hours

12 9.98E+05

5.66E+05

1.63E+05

6.38E+05 1.36E+06

12 6.52E+05

2.53E+05

7.30E+04

4.91E+05 8.13E+05

12 7.85E+05

2.33E+05

6.74E+04

6.37E+05 9.34E+05

12 1.02E+06

3.62E+05

1.044E+05

7.93E+05 1.25E+06

12 9.31E+05

2.94E+05

8.50E+04

7.44E+05 1.12E+06

Total

80 9.27E+05

3.87E+05

4.32E+04

8.41E+05 1.01E+06

Table 36. Analysis of variance of BGM cell counts in seeded samples over
incubation times. The p-value of .044 indicates no statistically significant
difference.

Sum of
Squares
Between
Groups
Within Groups
Total

Degrees of Mean Square
Freedom

1.88E+012

6

3.126E+011

9.93E+012
1.18E+013

73
79

1.36E+011

F
2.298

P-value
.044

136

